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1. Introduction

This report describes the results of a study of the stellar
occuli;ation téchnique for measuring the _comﬁosition of t-he atmosphere, '
The work reported here waé supported by NASA Contract NAS 1 9958,

The stellar occultation technique is based ﬁpon classical
absor;i:tion spectroscopy, utilizing spacecraft-borne photometers as the
detector and a star as the light source. Dﬁring oécultation the ultra-
violet stellar spectrum of the star shows absorption features which are
uniquely related to various atmospheric constituents. In particular,l
the spectral i:'égion between 120010% and 7200(}3 is related to absorption
by mqlecular'loxygen and the ré'gion between 2_000?& anrd‘ 3500?& is related
" primarily to absorption by ozone, This is illustrated in Figure 1 where
the photo absofption cross sections of both molecular oxygen and ozone
are shown.

| The 'intensity of starlight was monitored dﬁring the occultation
uéing the Wi“sc.;orisin stellar ultraviolet photometers aboard the Ofbiting
Astonomicalﬁ ?Ojoservatory {(OAO-A2)., A schematic diagram of an occul-
tation is shownrin Figure 2 where the change in intensity at a given wave-
” length is illuétrated. - The vertical projection of the attenuation region is
‘ typically 60 krri. deep for :rnole'cular oxygen and 30 km. deep for ozone. |

‘ Intensity protiles optained during various occultations were"
analyzed by ilrst determining the tangentlal column den51ty of the absorb-
ing gases, and then Abel inverting the column densities to optain the
number deﬁsity profile, Errors are aséociated with éach stép in the
inversion scherﬁe and have been considered as an Vinte_gral part of this

study.
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Figure 2. Schematic view of occultation.



Most ..of the wofk carried out under this coﬁtract has been
published in the open literature, thus, we include these papers in this
report where a.ppropriate. A general description of this study and the
results were published by Hays et al, (1972) and is included as Appendix

I of this report.

2. Data P r‘ocurEment

The data used in this study were ontamed through the courtesy
of the O. A, O. WlSLOHSll‘] Experimenters and N, A, S. A, Goddard Space
Flight Center. The principle difficully associated with the data procure-
ment centered on obtaining intensity information at high rates. It was
possible to sample the stellar photometer accumulator at high frequency,
but only bits throﬁgh 14 of this register were available in this mode of
operation. Duriﬁg this procedure the photometers continued to accumu-
late for 128 periqu of U, 54080 seconds. Upon completion of this process
the register was 1‘Qcked until a new command was received, at which time
the cycle was ré;ﬁ.eated. Unfortunately, a finite period of time was
required for the new command to be sent and a gap appears in the dafa
cvery 128 samples. This caused many occultations to be rejected due to
re -set blanks appeéring in the middle of the attenuation period.

A typical data record is shown in Figure 3, we note that the
bottom of each record corresponds to t4 accumulated counts and the top
to 16, 384 accumulated counts. The overflow within this sub-set is
obvious. The data analyses utilized differences between individual
samples and a smooth interpolation to determine the overflbw and count
accumulated during a sample period. The record labeled Channel 44 in

o
Figure 3 is from the 1500A filter used to measure molecular oxygen.
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Thé stellar photometers have broad band filters which
typically cover a 2UU?¥ wide region in the spectrum. The relative
transmission of these filters are shown at the bottom of Figure 1,

Due to the broad spectral band of these filters it was necessary to
measure the spectrum of all stars used in the study. This was done
_prior to the occultation using the O. A. O. spectrometer,

In addition to intensity and spectral ‘informé.tion it was
necessary to determine the altitude of the tangent ray. This requires
an accurate knowledge of the spacecraft positions as well as the
coordinates of the star. We acknéwledge the considerable effort of the

NASA Goddard Space Flight Cenier who carefully re-checked the satellite

ephemeris in order to achieve the accuracy required for our study.

3. Tangent Ray Geometry

Throughout an aoccultation period, the tangent ray point follows
a curved path above the surface of the earth. The coordinates used to
describe this path are shown in Figure 4, In this system, the x-axis points
toward the First Pbint of Aries, the y-axis is also in. the equatorial plane
pointing 90° east of Aries, and the z-axis points toward the Nortih Pole,
The time of scan enters into the coordinate system through the Greenwich
hour angle of the x-axis, Ag.
To obtain the height of the tangent point, the angle ,5 at the

spacecraft between rays to the star and to the center of the earth must be

evaluated in terms of the direction numbers of the star,
1= cos«cos§
m= Sin« cos §

n= sin 5
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and the direction cosines of the satellite position,

= cOS A_ COS¢  COS -sin A cos & sin
a=¢c g COS¥g | '\g .JAS 3 Fg A
= 5in »_ coOS ¢ ». + cosi_cos y_ sin
b = sin rg COS ¢ COS )\g Ag g Ag
C =

= sin g

g
=
o
H
[0
X
I

right ascension

y o= declination
A = longitude
@ = latitude

Subscripts s refers to the spacecraft and subscript o will

refer to the tangent ray point. Then utilizing the above quantities,

ré = rssin(‘:\‘i (1)
where @ =1 - cos-1 f a1+bm+cn] ,
-1 2,.2,-%
@0 = tan [ zo(xo * Y, ) j] > _ (2)
Ao = cos * J_ xo(xg + yi )-E] - Age (3)

If Yo7 0 © :‘}\o < 180; if Yo € O, 180 = )\o = 360,

The additional formulae needed to evaluate Equations t-3 are

X, = T {a+l cos @ )
Yo = Tg {(b+m cos &3 }
z, =-rs(c+ncos $)

Stellar refraction is neglected in our analysis due to the low

index of refraction at the altitudes considered in this study.

4. Data Processing and Error Analysis

The technique of data processing and the analysis of resulting
errors has been reported during this study by Roble and Hays (1972). This

paper is included as Appendix II and is a complete description of the



resulis of this study. A complete description of the computer routine
used to evaluéi:é the occultation results obtained in this study is included
" as Appendix III .of this report. The reader is referred to these detailed
appendices‘fbf further information on the results of our study. A
separate discussion of influence of orbital errors is included in Appendix

, v

5. Data Analysis

A very large number of scans have been reduced in the course
of this contract period., Table I summarizes these results and includes
all orbits which have yiélded at least a paftiai result e.g., a molecuiar
oxygen profilé'or an ozone profile, To provide information on quality in

the individual channels, the following code is used

c = procerssing completed

+ = resulting number density profile, n(ro),_ acceptable
- = nfr o) not acceptable o

. _

= .n(l:rD)- questionable

‘Other information in the table refers to the starting time
(GMT and local) of the scan, the location of the ray tangent point, the
target star ‘and the nature of some of the difficulties, Starting times
are only approxnnate as they vary up to 2v seconds from channel to
channel and.t,hey must be entered to the nearest half-second for accept-
able accuraéy in height' of ray tangent point,

.Thése‘ results have peen analyzed from the point of view of
their geophysical information and are to be published in journals during
the next few months, All papers are in press at this ﬁme. Detailed
computer output contaLining tabular input data and results are available to
the contracfing agency on request,. but are too lengthly to include in this

report, | 9
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orbit

date

5778
5779
8884
8898
8899
8913
18942

8943

8956
8957
8971
B985

- 8986

9000
o014
10795
10796

10902
11795
12178
14579
14580

1/13/70
1/13/70
8/17/70
8/18/70
8/18/70
8/19/70
8/21/70
8/21/70
8/22/70
8/22/170
8/23/70
8/24/70
8/24/70
8/25/70
8/26/70
12/28/70
12/28/70

1/4/M
3/7/71
4/3/M
9/17/11
9/17/71

Table I

GMT local ozone
hr min hr min Long.{deg) Lat. (deg) star 23904 2460A - Oy remarks on data loss

5 28 23 52 -84 48 ¥ Peg - +  Og filter

7 8 23 51 -109 48 7 Peg - +  Og filter

4 55 5 55 15 4 o Lup +  Og reset

4 19 5 51 23 9 BLup °? 2 2  Height

5 59 5 51 -2 9 g Lup  ? ? Height O enevenness
5 22 5 54 8 11 P Lup + ‘O3 reset :
5 55 4 27 -22 24 T Sco  + - ? Oy data cutoff, Oy reset
7 35 4 23 -48 24 T Sco +.

5 18 4 26 -14 24 T Sco Oy reset

6 58 4 22 -39 25 T Sco + - o+ Height

6 20 4 44 -24 27 § Sco + - 02 reset

5 45 4 13 -23 24 T Sco + +

7 25 4 13 -48 24 T Sco + +

6 47 5 17 -32 27 § Sco + +

6 10 4 30 -25 26 % Sco + _

2 31 21 55 -69 42 ¢ Her + € Aur spectrum used

4 12 22 12 -91 43 { Her - - - € Aur spectrum used

Height

13 29 22 38 -223 -16 = And +°

15 59 0 33 128 -3¢ § Ori i +

6 8 22 33 -114 36 { Ori o+ +

5 42 2 51 -43 26 & Oph + - 0, reset

6 22 1 50 -68 26 © Oph ? + O3 values high in bulge

In addition, orbits 13161, 13187,

13189, and 13195 of June 10 and June 12; 1971, prdvided high quality data

which are awaiting accurate satellite position reports,



6. Geophysical Results

Interpretations of the results obtained under this contract
have beén pfesented in papers published in the open literature. Molecular
oxygen resulis were compared with theory and previous measurements
by Hays and Roble (1872b), Ozone reéults were discussed by Hays and
Roble (19'%2c); Roble and Hays (1972b) and Roble and Hays (1972¢). ‘These

papers are included as Appendices V through VIIIL,

1. _ Summary of Study

The present study of the stellar occultation technique of
recovering atmbspheric composition has led to the Ifollowing conclusions:
a) Any consti;tuent which causes significant absorption in a stellar
spectrum can be monitored by using the ultraviolet occultation
technique.
b) The error associated with the inversion of occultation data limits

| the altitude region for whiéh results of high quality can be obtained,

In most cases the high quality data resulis from regions where the

intensitj lies between 1U% to 90% of the unattenuated flux.. Finite

difference errors are responsible for limiting the structural detail
which can be recovered., Orbital errors are serious and are
reflected in the altitude scale of the recovered density profiles,

c) Serioué géophysical studies can be carried out using as principal
data the density pi‘ofiles of molecular oxygen arid ozone obtained
from stellar occ.ultation. The following majof_geophysical features
have been identified during this study:

(1) Molecular oxygen Shows a strong solar cycle variation in the

lower thermosphere. This probably results from changeg in '

1



the constant pressure level surfaces at the base of the
thermosphere,

(2) Molecular oxygen in equatorial regions shows strong
magnetic storm variations due to large scale dynamic
motions resulting from polar region heating,

(3) Ozone in the mesopause region is controlled by wet

chemistry and supports modern photochemical theories,

12
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Reprinted from

19 May 1972 volume |76, puges TH3.794

SCIENCE

Terrestrial Atmospheric Composition from Stellar

Occultations

Abstract, Stellar wltraviolet light transmitted through the earth’s upper atmo-
sphere is strongly absorbed by ozone and molecular oxygen. The stellar ultraviolet
photometers aboard the Orbiting Astronomical Observatory (QA0-2) satellite
have measured the intensity changes of several stars during occultation of the star
by the earth’'s atmosphere. From the occultation data the nighttime vertical num- -
ber density profiles of molecularioxygen at altitudes from 120 ro 200 kilometers
and of ozone at altitudes from 60 to 100 kilometers have been obtained.

In the earth’s upper atmosphere,
stellar ultraviolet light is strongly ab-
sorbed in the Schumann-Runge contin-
uum of O, and the Hartley continuum
of O;. By monitoring the intensity of
ultraviolet starlight in these continuum
regions from a satellite as the star is
occulted by the earth’s atmosphere; we
are able to obtain information on the
number density profile of O, in the
lower thermosphere and Q4 in the up-
per mesophere (I, 2). In this report
we describe the technique used to ob-
tain the number density profiles from

- stellar occultation measurements, The

data were obtained by the University
of Wisconsin stellar photometers aboard
the Orbiting Astronomical Observatory
(OAO-2) satellite, We discuss here the
inversion process and also show the O,
and O, distributions determined from
a typical occultation scan.

In the occultation technique classical

™o

Fig. 1. Geometry of ultraviolet stellar.

occultation.

absorption spectroscopy is used to de-
termine the number density profile of
the absorbing species in the upper
atmosphere, The star is the source of
ultraviolet light, the OAO stellar pho-
tometers are the detectors, and the
atmosphere between them is the ab-
sorption cell. During the occultation
process, the ultraviolet light is selective-
ly absorbed in spectral regions for
which O, and Oy have large absorption
cross sections. The intensity of the
transmitted ultraviolet light is related to
the number density along a tangential
column of the absorbing species (N,)
by Beer's law

i) = _
I.(\) cip [—iZmU\} -N|{ra)] (1)

where I_(A) is the unattenuated inten-
sity above the atmosphere of the star at
wavelength A, o(\) is the absorption
cross section of the ith absorbing spe-
cies, and N {ry) is the tangential column
number density of the ith absorbing
species at a tangent ray height r,. The
star’s spectrum is measured above the
atmosphere by the QAQ ultraviolet
spectrometer. By also knowing the ab-
sorption cross section, one can relate
Ny(ry} to the intensity of the trans-
mitted ultraviolet light. In practice, Eq.
1 must be integrated with respect to
wavelength because of the finite pass-
band of the ultraviolet filter. The best
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during occultation of the star by the earth. The curves correspond to the intensity
measured in the 1500-A and 2390-A channels of the University of Wisconsin stellar
photometers aboard the OAO-2 satellite [22 August 1970, 04 hours 22 minutes (local
time}. 25°N, 39°E]. (B) Number densities of O. and O, as a function of tangent ray
height determined from the occultation measurements, The solid line is the O. number
density from the CIRA 1965 model atmosphere.

results are thus obtained when a single
species dominates the ahsorption proc-
css, and the OAO filters were, there-
fore. selected accordingly, _
Once Ni(r,) is known, it is a simple
matter to invert the data and obtain the
vertical number density profile of the
absorbing species at the occultation tan-
gent point. A simple geometrical argu-
ment (Fig. 1) shows that N,(r,) along
the ray path for a spherically stratified
atmosphere can be written as

“
" Hi(FY rdr
Ni(ray =2 W

Yo
where n,(r) is the number density of
the ith absorbing species at radius r,
Equation 2, the Abel integral equation
(1, 2), is easily inverted to give the
number density of the absorhing spe-
cies at a tangent ray height r

2y

o

ity = i[— %fl Nelr) dro ] (3)
r

T dr o (rf—=rye

Thus, the stellar occultation technique
can be used to obtain the vertical
density profile of any absorbing atmo-
spheric species which can be spectrally
isolated.

Hays and Roble (2) have calculated
the tangential ultraviolet transmission
of the earth’s upper atmosphere. Their
results show that both the strong atmo-
spheric absorption of O, in the Schu-
mann-Runge continuum near 1500 A
and the strong atmospheric absorption

of O, in the Hartley continuum near
2500 A occur in spectrally isolated
regions in which the stellar ultraviolet
absorption js primarily due to a single
species. The absorption cross sections
of O, and O, at these wavelengths
have a peak around 10-17 cm?
Therefore, we are able to determine
the distribution of these species near
altitudes at which N, is approximately
1017 em—2, If a spectral region away
from the peak cross section s
utilized, one is able to observe
higher tangential column number densi-
ties or, equivalently, to measure the
number density at lower altitudes within
the atmosphere. The ultraviolet light in
the wavelength interval from 1400 to
1600 A is absorbed primarily by Q. at
altitudes from 130 to 230 km. In the
wavelength interval from 2400 to 2600
A, the ultraviolet light is absorbed
primarily by O, ar altitudes from 60
to 100 km (2).

The normalized intensity data ob-
tained during one of the many occulta-
tions are shown in Fig. 2A for two stel-
lar photometers having filters centered at
1500 and 2390 A. The normalized in-
tensity is obtained as a function of time:
however, by knowing the star's position
and the orbital elements of the satellite,
we are able to relate time to the tangent
ray height of the occulting star. Because
of high-altitude absorption, the normal-
ized intensity in the Q. channel at 1500
A decays first. Then the intensity in the

2390-A channel decays rapidly at alti-
tudes where O, absorption becomes
impottant. The excellent quality of the
data obtained by the OAO-2 stellar
photometers allows determination of de-
tailed structure. The data in the |500-A
<hannel were inverted, and the results
are +hown in Fig. 2B where the O,
number density profile is shown as 3
function of height. For comparison, the
O, profile of the Committee on Space
Research (COSPAR) CIRA 1965 ()
model atmosphere is shown also, These
data are only a sample of the approxi-
mately 20 stellar occultation scans that
have been reduced thus far, hut they il-
lustrate the quality of the data obtained
from the occultation measurements.

Most of the O, scans obtained with
the 2390-A and 2460-A filters aboard
the OAQ-2 satellite have a normalized
intensity scan similar to the one shown
in Fig. 2A. The intensity of the occul-
ting star decreases as the starlight pene-
trates into the atmosphere until a slight
increase in the intensity curve occurs at
a tangent ray height near 70 km. These
data, when inverted, give the number
density profile of O, shown in Fig. 2B,
The structure in the measured intensity
curve is caused by a bulge in the night-
time O, number density profile, with
the peak occurring near 82 km and a
minimum near 75 km for this particular
scan, The stellar occultation measure-
ments clearly define the structure of the
nighttime O, profile at high altitudes
where no previous measurements had
been made.

The occultation technique has also
been used with the sun as the light
source, The measurements, however,
are restricted to sunrise and sunset, and
a general review of the subject has
been given by Link (4).

P. B. Havs
University of Michigan,
Ann Arbor 48105

R. G. RosLE
National Center for Atmospheric
Research, Boulder, Colorado 80302

A. N. SHau
University of Michigan. Ann Arbor
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A TECHNIQUE FOR RECOVERING THE VERTICAL
NUMBER DENSITY PROFILE OF ATMOSPHERIC
GASES FROM PLANETARY OCCULTATION DATA

R. G. ROBLE ‘
National Center for Atmospheric Research,* Boulder, Colorado 80302, US.A
P. B. HAYS

Department of Aerospace Engineering, Univc;.rsity of Michigan,
Ann Arbor, Michigan 48104, U.5.A

(Received 29 March 1972}

Abstract—The occuitation technigue of determining the properties of the atmosphere using
absorption spectroscopy is examined. The intensity of a star, in certain atmospheric
absorption bands, is monitored by a satellite tracking the star during occultation by the Earth’s
atmosphere. The intensity data in certain wavelength intervals, where absorption is attributed
to a single species, are related to the tangential column number density of the absorbing species
through Beer’s law. The equation for the tangential column number density is the Abel
integral equation which is inverted to obtain the number density profile of the absorbing
species at the occultation tangent ray point. Two numerical schemes for inverting the Abel
integral equation for signals of low intensity with statistical noise superimposed are presented;
one for determining the nurber density profile of atmospheric species that decrease exponen-
tially with height, and the second for determining the profile of constituents having a more
complex vertical structure, such as ozone. The accuracy of retrieving the number density
distribution from planetary occultation data is examined. A theoretical analysis of the errors
in determining the number density from occultation data of very low signal intensity is also
presented. The etrors in retrieving the number density profile are related to the intensity
of the source, the number of data points per scan, and the degres of data smoothing required
before inversion. As a specific example, calculations are made of the errors in retrieving the
molecular oxygen and ozone number density profiles from occultation intensity data in the
Schumann-Runge continuum of molkcular’ oxygen at 1450 A and the Hartley continuum of
ozone at 2450 A

1. INTRODUCTION

Absorption spectroscopy is an important technique for determining the composition and
number density profiles of constituents in the upper atmosphere (Watanabe, 1958;
Hinteregger, 1962). Most of the measurements have becn made from rockets monitoring the
absorption of the solar u.v. flux in certain atmospheric bands (Johnson ef al., 1951;
Bryam et al., 1957; Kupperian et al., 1959; Jursa et al., 1963, 1965; Carver et al., 1964,
1966; Weeks and Smith, 1968; Opal and Moos, 196%; Wildman er al., 1969; Quessette,
1970; Brannon and Hoffman, 1971). Satellites have also been used to measure the intensity
of certain u.v. sources (i.e., Sun, Moon, stars) during occultation of the source by the
Earth’s atmosphere (Fig. 1). The intensity data measured during occultation are then used to
obtain information about the absorbing species in the upper atmosphere (Venkateswaran es
al., 1961; Rawcliffe ez al., 1963; Miller and Stewart, 1965; Thomas et al., 1965; Fesenkov,
1967; Thomas and Norton, 1967; Norton and Warnock, 1968; Stewart and Wildman,
1969; Hinteregger and Hall, 1969; Lockey et al., 1969; Link, 1969; Reid and Withbroe,
1970; May, 1971; Reid, 1971; Roble and Norton, 1972; Hays ef al., 1972).

Basically, the occultation technique is similar to the classical technique of absorption
spectroscopy. The Sun, Moon, or a star are used as a source of light and the satellite

* The National Center for Atmospheric Research is sponsored by the National Science Foundation.
' 1727 : :



1728 R. G. ROBLE and P. B. HAYS

F1G6. 1. GEOMETRY OF STELLAR OCCULTATION. [ (A} IS THE INTENSITY OF THE UNATTENUATED
STAR ABOVE THE ATMOSPHERE AND I(A, #,) 1S THE MEASURED INTENSITY OF THE STAR AT TANGENT
RAY HEIGHT 7.

photometers as a detector, with the atiosphere between acting as the absorption cell. As
the satellite moves in its orbit, the source ultimately is occulted by the Earth, During the
occultation process, the intervening atmosphere absorbs progressively more of the light due
to the strong photo-absorption features of the atmospheric gases. The occultation intensity
data can be related to the tangential column number density of the absorbing species if the
absorption cross-sections are known, The equation for the tangential column number
-density of the absorbing species is the Abel integral equation which is easily inverted to give
the number density profile at the occultation tangent point. The occultation technique
works best for a point source, such as a star, where the vertical resolution at the tangent
point is very sharp (Hays and Roble, 1968b). For a finite-size source, such as the Sun, the
light rays emitted from the upper and lower limb can have tangent ray heights separated by
about 26 km when observed from normal satellite altitudes. This complicates the problem
of relating the transmitted solar intensity to the tangential column number density (May,
1971; Roble and Norton, 1972). However, once the tangential column number density is
obtained, it again becomes easy to invert the Abel integral equation and obtain the local
number density at the tangent ray point. For simplicity, we therefore assume that the light
source is small, such as a star (Hays er al., 1972) or a small portion of the solar disk
(Hinteregger and Hall, 1969; Reid and Withbroe, 1970; Reid, 1971).

In the present paper, we describe a technique for retrieving the number density profile of
the absorbing species from occultation intensity data. The data-reduction procedure is
similar to the method of computing the radial emission distribution of a cylindrical plasma
source, as treated by the plasma physicists. The similarity exists because both techniques
reduce to the problem of solving the Abel integral equation (Hays and Roble, 1968a, b;
Barr, 1962),

In practice, the numerical solution of the Abel integral equation requires special
handling because of its sensitivity to small random errors in the data. Therefore, we
develop two separate techniques of numerically inverting the Abel integral equation te
obtain the number density distribution of the absorbing species. The first utilizes an ex-
ponential approximation for atmospheric species which decrease nearly exponentially with
altitude; the second, a quadratic approximation which works better for atmospheric
species having a more complex vertical distribution such as atmospheric ozone (Hays et a.,
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1972). The retrieval accuracy of both schemes is examined, and 2 theoretical analysis of
errors is presented which enables us to determine the accuracy of the measurement in the
presence of random statistical errors inherent in light sources of very low intensity. The
inversion technique and analysis of errors, although examined with respect to molecular
oxygen and ozone, are general and can be used to determine the accuracy of any occultation
measurement if the signal level and data-acquisition rate are known.

2. OCCULTATION TECHNIQUE
The intensity of a star, as measured by a telescope aboard a satellite, during occultation
of the star by the Earth’s atmosphere (Fig. 1) is expressed as

F*ro) = wL”T(l)I(L ro) di W

where r, is the tangent ray height of the light ray passing tangentiaily to the Earth’s surface,
¢ = AQ,T,, A is the aperture area of the telescope, O, is the quantum efficiency of the
photo-multiplier, T, is the optical transmission of the system, T(4} is the broadening
function or transmission of the dispersive element at wavelength A and I(4, rp) is the
intensity of the star at wavelength 2 and tangent ray height 7. '
The intensity of starlight passing through the Earth’s upper atmosphere is determined by
_ considering the combined attenuvation of all of the absorbing species along the ray path
(Beer’s law).

KA, 7a) = I.(3) exp (—; ai(x)M(ra)) @

where I (1) is the stellar intensity above the atmospliere and o,(4) is the absorption cross-
section of the ith atmospheric species. In the case of a spherically stratified atmosphere, the
tangential column number density Ny(r) is

® n{ryr dr

ro \/rz —r?
where n,(r) is the number density of the ith absorbing species at a distance r from the center
of the Earth.

Hays and Roble (1968b) calculated the tangential u.v. transmission for the mesosphere
and the lower thermosphere. They show that in certain specific wavelength intervals the u.v.
starlight is absorbed by a single species. These include a broadband region ncar 1500 A
where molecular oxygen acts as a single absorber in the lower thermosphere and also a
region near 2500 A where ozone is a single absorber in the mesosphere. In both of these
regions, Hays and Roble (1968b) show that refractive attenuation, Rayleigh scattering, and
absorption by other minor atmospheric constituents are negligible over most of the altitude
range where absorption occurs. In addition, they point out that only the refative intensity is

important for -the occultation measurement. The stellar occultation data are therelore
normalized as ' '

Niry) =2 (3)

f”m)rwu) exp (— o(AN(ry)) d1
F(" o) ==L

= (4)
f T (A d2

The interference filter used in the occultation measurements is selected so that T )
includes only a wavelength region where absorption is caused by the single species of '
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interest. By knowing the filter-broadening function, the stellar spectra above the atmos-
phere, and the absorption cross-section, the normalized signal is then only a function of the
tangential column number density F(r,) = F(N(ry)). The intensity data can be inverted to
give the tangential column number density N(r;) = N(F(r;)). Equation (3) for the tangential
column number density is the Abel integral equation (c.f. Hays and Roble, 1968a, b) which
is directly inverted to give the number density of the absorbing species at radius r

1 [ [dN(rg)/dr,] dr,
T er \/rnz —— r2

In the next sections, we develop two separate numerical inversion schemes; one applicable
for determining the number density profile of atmospheric species decreasing nearly

exponentially with altitude, such as molecular oxygen; and the second for atmospheric
species having & more complex number density profile, such as ozone.

n(r) = ~

()

3. DATA REDUCTION

(a) Exponential form. The intensity of a star measured by photometers aboard a
satellite during occultation is generally weak and usually obtained in digital form (Hays et
al., 1972). Atlow inlensities, pulse-counting systems are uséd with a finite integration time
between data points. Therefore, the intensity data are obtained at a series of discrete
tangent ray heights F(r;). The normalized intensities are converted to the tangential column
number density of the absorbing species along the ray path N(r,) as described in the previous
section. Thus, a set of discrete values of the tangential column number density is obtained as
a function of tangent ray height during occultation. We approximate the tangential column
number density between data points in the interval r; < r < r,,, by '

N(r) =« exp (—f,(r — 1)) (6)
where r, and r,, are the f and i +- 1 tangent ray heights of the data points, respectively. The
coefficients e, and f#, are determined from a least squares fit to the data in the vicinity of the
ith data point by minimizing the variance of Equation (6) with the data and smoothing M
adjacent points (c.f. Roble and Norton, 1972),

K .
=X (N; — o exp (—Bfr; — 1)) (N

. fe K1

_ where K, =i — M/2, K, = i + M|2, N, is the tangential column number density at the jth
data point. Then by differentiating Equation (6) and replacing the integral in Equation (5)
by a finite sum, we oblain

_13 "exp (—fr — 1))
n(r;) = wgia‘ﬁ‘ " R e < dr. (8

Expanding the denominator and integrating, we obtain

oy =3l (1 S0 =i §) "

X [erf (Bilriy — r)* — erf Bury—r i))m] exp (Bi(r; — )

+ —1 [(resa — "a)uz exp (—Brpr — r) — (ri — ":)”z]] )]

204ri + 1)

where erf(x) is the error function of x.
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Thus, the number density of the absorbing species at radius 7, is determined directly
from Equation (9) using the calculated values of &, and §,.

(b) Quadratic form. When the absorbing constituent hasa number density height profile
which is not exponentially decreasing with altitude, but varies over the scan altitude, such as
for ozone (Fig. 2), then the exponential scheme developed in the previous section may not be
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FiG. 2. THE MOLECULAR OXYGEN AND OZONE NUMBER DENSITY AS A FUNCTION OF HEIGHT.

THE SOLID CURVE FOR Oy IS THE NUMEBER DENSITY DISTRIBUTION FROM THE MEAN CIRA 1965

MODEL ATMOSPHERE AND THE DASHED CURVE IS AN ANALYTIC APPROXIMATION TO THE DISTRIBITTION.

THE (), NUMBER DENSITY DISTRIBUTION IS AN ANALYTIC AFPROXIMATION OF A NIGHT-TIME
' PROFILE AND IT 13 GIVEN BY Equation (17).

best suited for the data-reduction process. In this case, we approximate the tangential
column number density in the altitude region z; < z < z;y; by the quadratic relationship

N(z) = A+ Bz 4+ C . (10)

where z = r — r, and r, is the radius of the Earth, 6371 km.
The coefficients 4, B and C are again determined by minimizing the variance of
equation (10) with the data and smoothing M adjacent points

Ky
8 =§§1;:(N: — (A2 + Bizg + G C(1An
12
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Minimizing Equation (11) and solving directly for A,, B, and C, we obtain

_ (M(NZ) — (MENME) — (N — MNZ) — (FNENME) — (3)(2)
(M(z)) — (YDNME) — () — (M) — @EHME) — (2(2)
_ (M(N2) — ()(N)) — (M(") — (2"}2D4,

A

B; = (12)
MG — ()
¢, T =G4, — (9B,
M
where

()=2 ()
i=H,

As in the previous section, by differentiating Equation (10) and replacing the main integral of
equation {5) with a finite sum and then integrating between data points, we obtain

JWJ=—l§[Mﬂﬁd—ﬁW“%f~nW%

T i=g

(riga + ("?+1 —r 12)”2)]
B, — 24.r ) log, . (13
o ok v — ey 1T @Y
Thus, the number density of the absorbing species as radius r, is determined from equation
(13) using the coeflicients A, and B, calculated for each data point.

4. ATMOSPHERIC MODEL
The molecular oxygen number density profile in the lower thermosphere, obtained from
the mean CIRA 1965 model atmosphere, is shown in Fig. 2. For mathematical simplicity,
we approximate this profile by an atmosphere with a constant scale height gradient
(Nicolet, 1960},
' H=H+pr—r) (14)

where H, is the scale height of the atmosphere at radius r,, and § is the vertical gradient of
the scale height. The molecular oxygen number density is then represented as

H, (1+8)/8
=) @

where 7, =2 x 10¥cm=, r, = 6471 km, H, =5km, and § =023 to give the ap-
proximation to the CIRA 1965 molecular oxygen distribution shown in Fig, 2. The
tangential column number density of molecular oxygen along the ray path is determined by
inserting Equation (15) into Equation (3), expanding the denominator, and integrating to
obtain '

A I et )

i) 26 G-I

where 4 = g/(1 + §) and B(x, y) is the Beta function, B(x, ») = p(xpy(Wy(x + ¥) and
y(x}is the Gamma function. The normalized intensity as a function of tangent ray height is
calculated from Equation (2) and is shown in Fig. 3 for absorption at a single wavelength
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1450 A in the Schumann-Runge continuum where the molecular oxygen absorption ¢o-
efficient is approximately 2 x 10-17 cm®.
Hays et al. (1972) presented a typical night-time ozone distribution determined from

occultation measurements made by the Orbiting Asironomical Observatory (DAO-2). The
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FiG. 3. THE NORMALIZED TANGENTIAL TRANSMISSION OF THE EARTH'S ATMOSPHERE AT VARIOUS
WAVELENGTHS AS A FUNCTION OF HEIGHT.
ozone number density profile given in their paper can be reasonably represented as a sum of
exponential and Gaussian functions
n(r) = n, exp (—(r — ) H,) + neexp (—((r —r. )IHc)"’) an
where n, = 5 X 10¥cm3, r, = 50km, H, =434 km, n, =38 x 108 em3, r, = 83 km,
-and H, = 5km. The ozone number density distribution obtained from equation (17) is
shown in Fig. 2. '

The coefficients used in this study give an ozone number density slightly higher than those
for a typical night-time ozone distribution determined by Hays et al. (1972). This difference,
however, is not important because the profiles are similar and the main features of the ozone
analysis are preserved in either case.

The total columnar number density along a ray path is obtained by inserting equation
(17) into equation (3), expanding the denominator, and integrating to give

N{ro) = 2n, exp (rof H)roK(rol Hy) + 21, €xp (—((ro — ro)/H ")
: -3/4
x (2ro)-*’=[ (Hi) W2 exp (ro — rOMCH)
—=1/4

% Dyl H Ny — 1))+ 7o (Hi) Y3)

&

X exp{(ro — Y QHD)D_i(2V*H, ¥ ry — r.,))} (18)
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where K (x) is the modified Bessel function of the first kind, y{x) is the Gamma function,
and D_,(x) is the parabolic cylinder function. The normalized intensity as a function of
tangent ray height is obtained from Equation (18) and Equation (2), and is shown in Fig. 3

for absorption at a single wavelength in the Hartley continuum of ozone at 2500 A, At this
wavelength, ozone has an absorption cross-section of about 10-17 ¢cm-2.

5. SAMPLING ERROR
The accuracy in retrieving the number density profile with the data-reduction scheme
depends upon (a) the data-acquisition rate or number of data points per scan, (b) the
statistical noise inherent in a signal of low intensity, (c) the smoothing parameter M used in
the inversion process, (d) knowledge of the satellite position during occultation, and (¢)
departures from spherical symmetry. The first three items are examined in this paper. Item
(d) depends on the satellite tracking network and the degree of accuracy of the orbital
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Fic. 4. THE ERROR IN RETRIEVING THE ANALYTIC MOLECULAR OXYGEN NUMBER DENSITY AS A
FUNCTION OF HEIGHT FOR VARIOUS DATA-ACQUISITION INTERVALS.

elements. The intensity of the star is measured as a function of time, but by knowing the
star’s position and the satellite orbital elements, we can relate the intensity to the tangent ray
height of the occulting star. Thus, errors in satellite time and position appear as errors in
the tangent ray height and will not be discussed in this paper. The last item may be im-
portant for certain atmospheric species which change rapidly with time, as perhaps during
sunrise or sunset; however, in this analysis, spherical symmetry is assumed.

The error in retrieving the molecular oxygen number density profile using the ex-
ponential data-reduction scheme is plotted as a function of height in Fig. 4 for various
data-acquisition rates. The tangential column number density for the analytic molecular
oxygen distribution is calculated at the various altitudes using Equation (16). These data are
inverted using the exponential data-inversion scheme, and the retrieved molecular oxygen
number density is compared to the number density given by the analytic model. The errors
in retrieving the number density are then plotted in Fig. 4. The resuits show that the errors
are smallest when a large number of data points per occultation scan are used in the
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inversion process. The smoothing parameter M is also a factor in the retrieval accuracy.
The smoothing parameter is primarily used to smooth the analytic representation of the
tangential column number density through noisy data points and its importance will be
evident in the next section. But for noise-free data, an increase in the smoothing parameter
decreases the retrieval accuracy for a number density profile having a slight curvature.

At high altitudes, the retrieval accuracy would decrease due to the practical requirement
of truncating the inversion integral at an upper boundary. It is difficult to convert the
normalized intensity to tangential column number density for the upper part of the scan
where the normalized intensity approaches 1-0, especially in the presence of statistical noise.

100 7 T T 1 T T
=2
DATA INTERVAL
{km}
sak- ° o ;:'2 .
o=3 =039
© x R=4
=] x
o
80 e, .
x
’é‘ ® a =]
= [
Lol e B _
5 x o
I x©
Xxe O
6O~ it o —-—] -
x0
x n
=]
x
X ¢ 0
S0 X . -
o
A0 I ! 1

| 1 1
-8 -4 0 4 [ 1”2 15 -20 24
ERROR IN RETRIEVING O3 NUMBER DENSITY (%)

Fig. 5. THE ERROR IN RETRIEVING THE ANALYTIC OZONE NUMBER DENSITY AS A FUNCIION OF
HEIGHT FOR VARIOUS DATA-ACQUISITION INTERVALS.

To reduce this error and extend the upper limit of the occultation scan, it is convenient to
utilize a model atmosphere and calculate the tangential column number beyond the upper-
most data point for use in the inversion integral.

The error in retrieving the model ozone number density profile using the analytic
expression for the tangential column number density given by Equation (18} and also using
the quadratic data-reduction scheme is shown in Fig. 5. The retrieval is good for a high
data-acquisition rate, but as the data-acquisition rate decreases, the accuracy in defining the
vertical structure and in particular the ozone bulge near 83 km also decreases. The lowest
data-acquisition rate considered in Fig. 5 shows considerable error in retrieving the ozone
bulge. These results were obtained using a smoothing parameter of M = 2. As the smooth-
ing parameter is increased, the accuracy of retrieving the vertical structure depends critically
on the data-acquisition rate. For a particular application, there is a tradeoff between the
data-acquisition rate and the smoothing parameter. _

For simplicity, the results presented here assume absorption at a single wavelength.
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However, the technique which has been developed is general and can be applied to any
broadband filter by including a wavelength integration.

6. THEORETICAL ANALYSIS OF STATISTICAL ERRORS

For occultation scans of very low intensity, the statistical noise which is superimposed
upon the basic signal intensity becomes an appreciable part of the signal. The errors in
retrieving the number density profile of the absorbing species from occultation data having
random statistical noise are considered in this section.

{(a) Molecular oxygen. The solid curve in Fig. 6 shows the calculated normalized
intensity variation of a star during occultation using Equations (16) and (2). The peak signal
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F1G. 6. AN OCCULTATYION S5CAN IN THE SCHUMANN-RUNGE CONTINUUM OF MOLECULAR OXYGEN
AT 1450 A WITH RANDOMLY SCATTERED STATISTICAL NOISE SUPERIMPOSED. THE STAKDARD
DEVIATION OF THE NOISE IS PROPORTIONAL TO THE SQUARE ROOT OF THE BASIC SIGNAL LEVEL.

level in this example is approximately 1000 counts sec™ and the calculations are made at a
single wavelength of 1450 A. Also shown in Fig. 6 is the basic scan with a superimposed
Poisson noise distribution having a standard deviation proportional to the square root of the
signal level. The molecular oxygen number density profiles shown in Fig. 7 for the two scans
given in Fig. 6 have been retrieved using the data-reduction scheme described in the previous
sections. Other statistical noise distributions yield an ensemble of retrieved molecular
- oxygen number density profiles which can be statistically analyzed.
~ If we assume that the tangential column number density is N = N, + AN where N, is
the basic tangential column number density without statistical noise and AN is the tangential
column number density error due to the statistical noise, then in the approximation given by
Equation (6) we expand « and g as
& = oy -+ Aa

‘ B =B+ AB. (19)
Inserting these relationships into Equation (7), expanding the exponential, and subtracting
the basic unscattered state, we obtain

K3

4* = 2 [AN; — Aayexp (—Bolz; — 2)) + og; ABi(z; — z) exp (—Bolz; — z) (20)

=K



DENSITY PROFILE OF ATMOSPHERIC GASES 1737

270~ Hod
260 Ah=5km -
250~
2a0~
230|-

220—

n
=]
I

HEIGHT (k)
[
Q
=]
i

|
o7 10® 10? . 1o'°
Oz MUMBER DENSITY (cm-3)

Fiz. 7. THE RmIEVED MOLECULAR OXYGEN NUMBER DENSITY PROFILE FOR THE OCCULTATION
SCAN WITH RANDOMLY SCATTERED NOISE SHOWN IN FiG, 6. THE SOLID CURVE GIVES THE ANALYTIC
’ MOLECULAR OXYGEN NUMBER DENSITY DISTRIBUTION.
1

The coefficient errors Aw, and Af,; are calculated in the least squares sense from the
relationships
o8, 95"
= _ % 21
, dAw, OAB;
and are given in the Appendix. ‘

The intensity of the star, considering single wavelength absorption, is calculated from
Beer’s law : :

Fy = F(4, ro) = F,(A) exp (—o(HN (o)) (22)

where F,(2) is the signal measured above the atmosphere in counts sec~l. The linear
variation in tangential column number density due to a signal with statistical noise F =
F, + AF'is obtained by introducing the value of N into Equation (22) and expanding the
exponential to obtain

AN =L _AF
. G(‘a") F (ls 7'0)
If a Poisson random noise with a standard deviation for AF proportional to the square
root of the basic signal (F;)*" is introduced into the expressions for the coefficients Ao, and
Ap,, the mean square errors for the coefficients (Aw;) and (AB,) are determined using the
propagation of statistical errors theorem and they are presented in the Appendix.
The errors in the number density of the absorbing species at the tangent ray point are
‘determined from the integral

(23) .

1 (= [dAN/dr]dr

T v -\f r2 — rlz

~ The tangential column number density of the absorbing species is determined by
inserting Equation (19) into Equation (6). The noise in the number density of the absorbing

An(r) = — (24)
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specics at the tangent ray point is obtained by expanding the exponential, subtracting the
basic state, and differentiating the tangential column number density error AN to give

A"(rl) = l i(.ﬁﬂi&mi + HOiAﬂi).[fi+l exp (—folr — ra) dr

§=] Fi \/r"! —_— ril'"‘

12 " — 1) exp (—Bolr — 1)
T W) f ‘ e e

Integrating, we obtain

I o
An{r) =~ Z‘(Ri Aoy + S, AB) ‘ (26
Ti=
where R, and §; arc coefficients given in the Appendix. The standard deviation of the
number density error at the tangent ray point due to statistical noise is calculated using the
propagation of statistical errors theorem

(Bn{r)) = TF " (27)
where
1Fr= 1/2
=13 et + sy
mLli=t
and X; and Y; are given in the Appendix.

(b} Ozone. The errors in the ozone number density caused by statistical noise super-
imposed upon the basic signal are determined from the quadratic data-reduction scheme.
The signal intensity variations are related to the tangential column number density variations
through Equation (23) and the number density error of ozone at the tangent ray point is
obtained from Equation (24). The tangential column number density with superimposed
variations caused by statistical noise is N = N, +- AN. The coefficients in Equation (10) are
assumed to have a variation 4, = Ay, + AA;, B, = By, + AB,, and C, = C,; + AC,.
Introducing these variations into Equation (11) and subtracting the basic state, we have

Ka
6‘* = z (AN, - AAizf - ABI-Z, - &C‘). (28)
=K1
Solving for the coefficients A4,, AB; and AC;, we obtain relationships similar to Equation
(12} with the exception that N, is replaced by AN,

K
AAi =’ ZK- Qi AN,
S
% (29
. . =K1 ) .
where Q; and Q,* are given in the Appendix. The number density error at the tangent ray
point is obtained by inserting Equation (29) into Equation (24) and integrating to give

" w Ka
An(r) = — 1 E [ E (2w — 2r, W20, + FVE{QJ*) . AF’:] (30€)

7i=; Li=g oF,;
where

Wi = (riya — rP)* — (rd — r2y

r -+ (riz - rlz);/z
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The standard deviation of the number density error at the tangent ray point is calculated
using the propagation of statistical errors theorem and assuming that the standard deviation
of the noise is proportional to the square root of the basic signal

(An(r))y = E,. F" ' @31
where :

E; =33 5 [1am,~ 2 im0, + 10} ﬁ(—?;) m] ]' |

7. ANALYSIS OF STATISTICAL ERRORS

The error in rettieving the molecular oxygen number density from occultation scans
. having a random statistical noise superimposed upon the basic signal is defined as

(An(r))
n(ry)
The numerator is the standard deviation of the retrieved number density, given by
equation (27) for molecular oxygen and equation (31) for ozone, and n(r,) is the number
density at radius ;. The standard deviation of the retrieved number density is inversely
proportional to the square root of the unattenuated signal level for both melecular oxygen
and ozone. Therefore, in Fig. 8 T(n(r,)) 2 is plotted as a function of altitude for various
smoothing parameters M. The error in retrieving the molecular oxygen number density for

(32)

e(r;) =
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FIG. 8. THEORETICAL ANALYSIS OF ERRORS IN RETRIEVING THE MOLECULAR OXYGEN NUMBER

DENSITY FROM OCCULTATION SCANS WITH RANDOM STATISTICAL NOISE SUPERIMPOSED. THE

RETRIEVAL ERROR IS OBTAINED BY DIVIDING THE PARAMETER T;(n(r))~! By FY3, THE SQUARE

ROOT OF THE UNATTENUATED BASIC SIGNAL LEVEL. THE CIRCLES REPRESENT THE RESULTS OF A
. NUMERICAL ANALYSIS OF ERRORS FOR M = 4.
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any signal level is obtained by dividing the parameter 7,(n(r)))™ by FY%. An increase in the
smoothing parameter M decreases the error in retrieving the molecular oxygen number
density. However, as discussed earlier, the accuracy of retrieving the basic molecular
oxygen number density profile from unscattered occultation scans decreases as the smoothing
parameter M increases. Therefore, there exists a value of M which gives a minimum in the
overall error in retrieving the molecular oxygen number density profile at a given data-
acquisition interval. The results of a numerical analysis of errors are shown in Fig. 8 for 100
occultation scans' with different randomly scattered noise distributions. There is general
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F16. 9. THEORETICAL ANALYSIS OF ERRORS IN RETRIEVING THE OZONE NUMBER DENSITY FROM

OCCULTATION SCANS WITH RANDOM STATISTICAL NOISE SUPERIMPOSED. THE RETRIEVAL ERROR
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ATED BASIC SIGNAL LEVEL. THE CIRCLES REPRESENT THE RESULTS OF A NUMERICAL ANALYSIS OF
ERRORS FOR M = 4,

agreement between the results of the theoretical and numerical analysis of errors. Also
shown in the figure are arrows indicating the altitudes of the 0-1 and 0-9 normalized intensity
points. The retrieval of the molecular oxygen number density is best for data lying between
these normalized intensity ratios.

The standard deviation of the retrieved ozone number density is also inversely pro-
portional to the square root of the unattenuated signal level. Therefore, in Fig. 9 the
parameter E,(n(r,))! is plotted as a function of height for various smoothing parameters.
In general, the error in retrieving the ozone bulge and the number density below about
70 km is low. However, in the region of the ozone minimum near 75 km the retrieval error
increases. The data-acquisition interval in this case is 1 km and an increase in the smoothin g
parameter M decreases the error in retrieving the ozone number density. As the data-
acquisition interval increases, the error in retrieving the ozone number density increases.
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For a given data-acquisition interval, there also is a value of the smoothing parameter M

which gives a minimum in the overall error in’ retrieving the ozone number density. The

circles in Fig. 9 again are the results of a numerical analysis of the errors for 100 ozone

occultation scans with different randomly scattered noise distributions. The general agree-

ment between the theoretical and numerical analysis of errors enables us to theoretically

caleulate the error coefficients and thus determine accuracy of an occultation scan for any -
signal intensity. :

8. DISCUSSION

We have presented a numerical technique for retrieving the number density profile of
absorbing atmospheric gases from planctary occultation data having random statistical
noise superimposed upon the basic signal. Because of the sensitivity of the Abel integral
equation to random noise, some smoothing is required before evaluating the inversion
integral. ‘An exponential technique was developed for atmospheric species whose number
density profile decreases exponentially with height, whereas the quadratic scheme works
better for atmospheric species having a more complex vertical profile, These techniques have
been used to reduce the OAO-2 stellar occultation data and obtain the night-time molecular
oxygen and ozone distribution in the upper atmosphere (Hays et al., 1972). With a modi-
fication to account for the finite size of the solar disk, these techniques have also been used
to reduce the SOLRAD-8 solar occultation data (Roble and Norton, 1972). The retrieval
errors are determined by knowing the approximate signal level and acquisition rate of the
occultation data. For each specific case, there is a minimum in the retrieval error determined
by the degree of smoothing for the appropriate data-acquisition rate and basic signal level.
Generally, the best accuracy is achicved between the normalized intensity limits of 0-1-0-9
where the derivative in the numerator of the Abel integral equation changes rapidly. Figure2
shows that by selecting the appropriate spectrally isolated wavelength interval, the number
density distribution at practically any altitude may be obtained in the region where the
tangential column number density is approximately equal to the inverse of the effective
cross-section.

The analysis was performed for single wavelength absorption, whereas measurements
are made for some finite passband determined by the characteristics of the monitoring
spectrometer or photometer. In this case, an additional integration over wavelength is
- required in the analysis, but it does not fundamentally alter the results as long as the
absorption process is spectrally isolated. Actually, a wavelength interval selected to cover a
continuum region where the absorption cross-section is smoothly increasing or decreasing,
. allows deepest penetration into the atmosphere. The altitude range of the occultation data is
greater in this case than for the case of a constant cross-section over the selected wavelength
interval.
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APPENDIX
Several of the coefficients discussed in the text are presented in this Appendix.
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Appendix HI a,
This Appendix gives some details of data proc'essing which is
employed to obtain molecular oxygen profiles and ozone profiles from |
- occultation data. The details are divided into three parts, 'or processes,
dealiné with (1) the computation of tangential column number density for
molecular oxygen, N(Oz, _ro); (2) the cbmputation of tangential column
number density for ozone, N(O3, _ro); a:nd {3) the retrieval of number density
of either gas. Computer programs with accompanying noi:es are included.
Process 1 ‘

To obtain N(Oz, ro), the i'aw modulus 256 occultation dété on
the strip chart or digital printout are cdnverfed to normalized signal inten-
sity by a program filed in "PLOT". The input to this program is the
sequence of counts taken .at an interval of § sec spacecraft time, The
méasure of intensity which is used is the difference between successive
counts. The outbut consists of a graph of normalized signal intensity v.
ti_rx;xe and the corresponding punched cafds.

Following the conversion of the data to normalized intensi.ty,

a program filed in "OAOPR" is activated to complete the process. First,
‘the réy tangent point location is computed. Theﬁ an interpolation table is
formed consistiﬁg of normalized signal intensity v. tangerﬂ:ial column
number density; The table is then used to find N(Qz, ro.) corresponding to
the normalized, measured signal intensity.

Process 2

To obtain N(OB' ro), the raw occultation data on the‘.str‘ip chart
or digital printout are converted to normalized signal. intensity by the "PLOT"
program, and the 'OAOPR" program is activated as for 0,. However., in
this case corrections to N(OB,er)'are made for the effects of the O, Herzberg

bands and Rayleigh scattering upon ozone,
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Process 3
Once the tangential column number density, N, is computed
for all m data levels, a parabolic fit is forced upon N(h) and the smoothed

values are then inverted by the finite differencing scheme,

b=

_ o0
2 d r 2_.2 ‘ .
n(rj) = ¥ ar f . (r‘0 ) N(ro) .gdr‘.0

v . :
Nt 21
2_ .2, % dN{r )
= -2 ](ro r’) ° _ dr 1
T dr
A 0

Details of the smoothing technique and inversion for various species

is given in the attached paper on inversion techhiques.
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$SIG SATYF C=

510

' AAURICE GRAVES!

¥RLAST SIGNON WAS: 09:30.59 12-29-71
SIGNED OoN AT 21:18,13 ON 12-29-71

USER M“SAFFw
SLIST PLOT

. 2 a
-— s
(¥

v

LI .
[ 8]

[ SR

L ]
Wk —

— -t -
.
—y

1.1
12
12.1
12.2
12.3
12.41
12.42
12.43
12.44
12.45
12.46
12.47
12.5
12.52
13

14

15

20
2042
27

22
22. 1
22.

23

24
24.2
24.4
24.42 .
24.5
-24.8
25

26
2641
27
28

882

899

886

884

DIMENSIOR AY (150),Y(150)

DIMENSION BY (150)

DIHENSION YINT(150)

READ (5,861) (BY(K) ,K=1,80)

PRINT 861, (BY({K),K=1,80)
READ (9, 994) N, HAX

PRINT 894, N,MAX

READ 893, (AY ({I),I=1,N)

LuT=5

PRINT 893, (AY(I),I=1,N)

DO 882 K=1,LMT

Y (K) =AY (K)

JA=LYTI~1

DO 1 K=1,JA

YINT (K) =Y (K} ~Y (K+1) ©
J=N- LMT .
WRITE(6,861) (BY(X),K=1,80)
WRITE(6,899)

FORUAT (20X, BHEXPECTED,9X, 5HAC£UAL 14X, TOHDIFFERENCE, 10X,
1JHRECORDED, 12X,9HINTENSITY,/, 22X, SHVALUE 9X,5HVALUE, 35X,

25HVALULE//)

PZ=0. 15%HAX
DO 883 K=1,J

Y [K) =AY (K) B

DO 2 MP=1,JA -

Y (K+1P) =Y (K+MP-1) =YLINT (K+MP=~1)

YB=(Y (K)+ Y(K+1)+ Y{K+2)+ Y (K+3}+ Y{(K+4))*0.2
AL= (Y (K)=2. %Y (K+ 1) +2.%Y (K+3) =Y (K+4)) / (=12.) :
BI=(U.*Y (K) +Y (K+1)+ Y (K+3)+4.%Y (K+4) -10.*!3)/1u.
CI= (Y (K)-8.%Y (K+1)+B.*Y (K+3)=Y (K+4)) /12, '
B={~9.%AI)+BI
C=(27.%AI)~ (6. %BI)+C1I

D==(27.%AL} +9.%B1-3, *CI—Z.*BI+IB

91 216%AI+36%B+6%C+D

=K+2

A*(Y(L) -2. #I(L+1)+!(L+2))/Z.
B=(~5.%Y (L) +8.%Y (L+1)~3.%Y (L+2)} /2.
C=3.%Y (L) =-3. *x(L+i)+Y(L+2)
P=16.%A+4, *B+C

P=(P+P1) /2.

X=AY (K+LNT)

L=0

PRINT 3,K,J,X,P,P1

FORMAT (12,21I5,3F20.6)

IF (ABS (X-P)=-160.) 884,885,885
IF ({P-X) .GT. 100,) X=X+MAX
PW=0,08*YINT (K+LMT-2)
IF (PW .LT. P2) PW=P2

4

IF (Pd JGT.160,) PW=160.

LF ( (Y (K4LHT=2) =Y (K+LMT=1)).GT. (¥ (K+LHT-1) -X+P¥)) X=X-HMAX
f (K+LHT)=X _ '

B=X-P

C=Y (K+LNT-1) =Y (K+LMT)

YINT (K+LHT-1)=C

WRITE(6,895) K,P,X,B,AY (K+LdT),C

895 PORMAT (I5,5F20.0)
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29 383 CONDPIMUE

30, J=N-1

32.09 WRLIE (7,861} (BY (K) ,K=1,80)
32.1 WRITE (7,3865) (YLNT(K),&=1,J)
33 WRITE (v, 898) _

34 593 FOaRNAT ("1 GRAPH OF INTENSAITY VS. TINE'//)
35 RidAd (5,800) DY,CY,EY

3o 800 FURAAT (3A1)

3ol PRINT Bol, (BY(K),k=1,80)

37 DU 092 K=1,12

34 bY2  BY (K) =10%K

39 WRLTE (6,681) (BY(K),K=1,12)
49 681 FORKMAT (/3X,12F10.0)

41 DO 690 K=1,150

42 040 BY (K)=CY

43 DO 631 K=1,25

4y 691 BY (5% (K=1)+1)=LY

45 WRITE (6,861) (BY(K),&=1,120)
4o BY(1)=DY ,
47 DU 870 K=2,150

43 8§70 BY({(K)=BY (K=1)

49 N=N=-1

49.1 Ji=1

49,2 Do 741 J=1,¥

49.3 IF(YINT (J} .GT. YINT {JB)) JB=J
49. 4 741 CONTLINUE

50 DO 888 K=1,H

51 BY (1) =CY

52 JA=K/5

53 JA=JA%*5

54 IF (JA .EQ. K) BY(1)=EY
S4.1 L=YINT (K)*100./YINT (JB)

5o BY (L)=EY

57 PRINT 861, ({BY(J),Jd=1,120),L
58 861 FORJAT(120A1,15)

59 BY (L) =BY (L+1)

60 308 CONTLNUE

63 865 FURHAT(12F6.0)

6 id 593 FORJAAT(14F5.0)

65 894 FORMAAT (215)

b6 387 CALL EXIT

67 RELURY

68 385 L=L+1

69 X=AY (K+LMT)}-HMAX*L

69.1 PRINT 4 ,K,L,MAX, X

6.2 4 FORMAT(T2,315,F20.06)

70 IF (L-400) 886,887,887

71 END

END OF FILE
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Part 1: Line numbers 1-6

In this pﬁrt, an informative comment card is read {(line 2.1), the
number of data values (N) and the maximum counts on calibration (MAX) are
read (line 3), the raw data (AY) are read (line 4), and the first 5 vaiues are
set in Y (line G). These five values must be monotonic estimates of values
on the curve of actual (not normalized) intensity.

Part 2: Line num-ber.s 6. i-i2. 5)

In this part, an allowable departure of a predicted;value of
i.ntensity from the actual value is established. This departure is £0.15.
{line 11. 1). Then the coefficients (AI, B, C, D) for cubic curve-fitting -
with five points are calculated (lines 12-12, 47), and a sixth pbint is prédict-
ed (line 12, 5). |
Part 3: Line nurnbers 12,52-20.2

In this pért, a parabolic curve -fitting is carried 01:1t for the third,
fourth, and fifth points, yielding a new prediction of the sixth point (line 20).
An average of the two predictions becomes the final estimate (line 20. 2) of
the sixth point, This procedure continues within loop 883 until the entire
set of data points is exhausted,

Part 4;: Line numbers 21-29

In this part, the modulo conver;sion is accomplished, based upon
some intuitive conditions regarding signal in“cen'sity. The resulting signal
intensities (C) are written out (line 27). | .

Part 5; Line numbers 30-71
In this parf, the signal intensities are puﬁche"‘d (line 32.1) for the

data input to the final processing program. The intensity values are also .

plotted (line 57) after normalization (line 54.1).
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26
27

b4
30
B

oy
-

34
3
3y
Jb
37
34d
34
0o

¢ 2

Ml Is T
- Sitln DAUGaAB
iaoLiciy
JiacaaluN
CaAndN 2
110109y,
DIMINOLION
Linknslad
DidpNOLUN
DIVENSIGN

BE PASABOULLY LEAST
FUd SETTINC 7AQ CNLY.
REAL A (A=l, 0=y 8=2)
Clan (150}, ¢ Lhwgilau)
205) , 48 (200) 4 (4 00) B (200),C(200) ,ALT,WLL{100) ,FILT(100)
Se(100),S602{100),861 (100) ,CCN (200), NP, 42X

DA (200) , FOF {2 JL),;NU(/OO)

¥ (200) ,Cu2{2080) ,BaR(20C)

W {o00),FN(200) ,1 (200), FNO (200) ,2P(200)

DEN (200) ,4N(202)

SUUAKE LAVERSION FOR OCCULTATION DATA
Xe oo g

DIMENSICN (207 ,T(150)

CIMAENSICN xO (200)

DIMNESNSICN UD(2C0) ,U4 {200)

DIMZINSLICE 1T (200)
Cradd®ra e s wrrpphidhioryftdhs *«‘w#*«\#*##*#***#****#**#**#***#*#*##***###***#
C* FART=1
(oL
C% THIS PART CALCULATES TANGENT RAY HEXGHT POINT. INPUT IS 5 VALUES
C¥ OF 30ACECKRAFT LONG. LAT. AND ALT. IN 10 SEC. GMT INTERVAL, 5 VALUES
C¥ OF GiA GF ARIES TN 10dIN. GMT INTERVAL, D&C. AND K.A. OF OCCULT- *
C* ING STAR, The STAHTING TIME IN HR., MIN., AND SEC., AND NUMBER OF
C*  UATA PUINYS HELLED
(O 4 A N g 40 R B % K A0 A o e ol o s e ke ok o e o ol R e o ok e O e R R R R R

C1=1.,/57.2957755131

Walie (6, 109)

109 FOAMAT (//104,* 5/C DOSITICN, LONG. LAT., AND ALT. IN 10 SEC.*

1 'SUEPs AND',,,10X,7 GidA. OF ARIES IN TEN MINUTE ST&RS')

Head Y1,Y1,Y2,03,Y4,¥5

ST 11, f1,Y2,¥3,Y4,¢5

Cabl Sou(
amaw 11,%
vRislt 11,

CALL SET({¥Y1,Vd,

WA 1|,Y
PULNT 11,

CALL 5MT(

HEAD Vi,Y

FIKINT

CALl SFT(
LLAU .
FHLNT /1

71

1r7.2,'5EC

113

EQRHAT(///SX,

Yi1,02,Y3,Y0,(5,A6,B4,04,D4)
T,Ye,¥3,Y4,Y5
T1,¥Y2,¥3,94,Y5
'3,¥Y4%,Y5,42,82,C2,D2)
T, 02,%3,Y4,45 '
Y1,Y2,¥3,V4,Y5
11,.;,rs,yu,zs,a3,33,c3,u3)
1,Y2,73,¥Y4,Y5
[1,Y2,Y3,Yﬂ,Y5
Y1,v2,¥Y3,¥4,Y5,A5,85,C5,05)
1 Y;,.B Y4,Y5

L Y2,13

VSTAR DECLINATION?

CNDS )

,#5.1,% DEGREES?,F5.1,% MINUTES',

DEC=YT+ (¥2,/60.) +(¥3,/2600.)

EiA0 11,¥1,Y2,¥3,Y4,15

FHINT 72, ¥1,Y2,¢3

FORAAT (5X,'37A) RIGHT ASCENTION®

167.2,155CUdD5 YY) .
SA=(f1+(YZ/GD.}+(Y3/3600.})*15.00

LuC=LEC/57. 258578

RA=1A/57,249573

TRIGONOHETRIC COHPITATIONS

LCL=LCCS (UBZ) #DCGS {RA)
LUASHCUS (DEC) ¥DSIN (&n)
DCH=DSIN(DEC)

LEAL €¢12,T71,12,73,8P

72 .'5.1," HOURS',F5.1,' MINUTES®,

C

START HERE.
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59 612 FORAAT(3F10.5,15)

6C - FRINT 641, T1,T2,T3 _ :
© 61 641 FORAAT (5X,'STALTING TINE ' FS5.1,'HR',F5.1,"MIN. ', F7.4, " SEC. !
62 e 1 ' AND TIKS IS LWUCREASING')
L od Ti1=11+ {12+ (T3/€0.)) /60,
b4 : NP2=NP
65 ‘1=0
66 73 IF (T2 .L%T. 10.) GO TO 74
67 72=T2-10.
68 GO T0 73
69 74 L=T3/10.
706 TA=T2+ {L¥10./60.)
71 75 If (T3 .LT. 10.) GO T0 7
12 T3=T3~10. '
73 GO TO 7%
4 7 5= 1.4 (L3/10.) , :
75 © C*  SPACLCRAXL POSITIONS AND GUA OF ARIES ARE CALCULATED AT DIFFERENT .
76 C¥ GMT TINE BY USING THE FUNCTICN CAL WHICH USES THE CURVE ‘
71 C¥ Y=A®TxT + B%T + C ' '
78 PHIS=CAL(S,A42,E2,C2,D02)*C1 \
79 ALT=CAL (S,A3,B3,C3,03)
80 ALAMS=CAL (S, AY, B4, Cl,D4) *C1
81 I7 (ALAMS .LT. O.) ALAUS=6.28318+ALANS
82 . X=3.+ ((TX+{T3/60.})/19.) :
g3 _ ALAMG=CAL (X,49,B5,C5,05) *C1
54 I=I+1
85 N=NP-I+1
86 PA=DCOS {ALALS)
87 E3=DCOS (PIIIS)
58 : PC=DCOS (ALAWG)
89 D=DSZd (ALAMS3)
90 ‘ S=USIN(ALANG)
91 DCA=PA4EB*PC~D*PB¥*E
a2 ' DCR=D*2B*PC+2A*PB*E
g3 DCC=DSIN(PHIS)
94 CALL HEIGHT (PH1S,RSAT,RR)
95 13 LS=RSAT*LCA
36 YS=R]SAT*DC3B
97 LS=RSAT*LCC
.98 RS=DIURT (Ko % XS+YS*YS +45%2S)
39 AKG=DCA*DCL+COB®DCM+ DCC*DCN
100 BETA=J. 1415226536 -DARCOS (ARG)
101 - W=DCOS (BETA)
102 L0=XS+RSAT*W*DCL
103 YO=Y S+XSAT*U*DCA
i0u F{f0.LT+0.0AND.ARG.GE.C.) BETA=b. 233186-BLTA
105 IF{Y0.LT.0.,ANDJARG. LY. 0.) BETA=3, 141593+BETA
106 ZO=%45+RSAT*W «DCN o
07 ROO=DSQRT (XO*XC+YO*YCrZ0%Z0) :
1W0a PLULIO (1) =DATAN (20/DSQI'S (XO¥X0+Y0*Y0))
109 © ALANO (M) =DARCCS (XO/DSYAT (X0*X0+Y0*Y0) ) -ALANG
110 Ce=OSIH (BETA) -
111 : S DCLS=X0/ (RSATHCE)
112 DCHEA=Y0/ (ROGATHQF) ‘
113 LCHS=%G/ (GSALECT)
L4 CPER=LCL¥DCLS+LCK*DCHS+DCN*¥DCNS
118 CALL HEIGHT{?HIO (M) ,R?,KR)
116 HU=RLC~- XK
117 ZP(4)y=H0*1000G00,

LR R 2 (4) =RCGC*100000.
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RO () =Ra*100C¢00.

Didlo{n) =FHi0(X) *57.295
ALAGG MY =ALAILG () 572295
25I=(1.53707903268-8114) /C1

V3=I3+ (62,6 15/116, 34
IF(L T« 4P2) GG T0 7

FORWAT (DE10.9)

R I T T E R T T R R TR PR R R TR P T S R 2 Prgr gy

O«
(SR

a e
dabT=2
1

C®  Tilus DALY TAKES AS INPGY THEF FILTER TRANSMISSION, CROSS SECTION

C*  ANu STAR SPECTRUM. THES& A TAZLE Or YOTAL INTEGRATED NUADER DENSITY
C¥  TH V5. KORHMALIGELD SIGWAI FNC, IS5 CONPUTED _ ~ _ ,
(C 0 A a8 e a0 4 o o ke T N MO e S0 ol o e e B ek e e e e e e skl o e 0 e et o o e e ke 40 oK Nl ok ke e

360
303
600

101

TK=ALANO (NE) /15,0

Ti=T1+TX

IF (71 JLE. (.) T1=T1+24.0
I7 (11 .GT. 24.0), T1=11=-24.0

L1=11 |
TI1= (T1-L1) *00.
L= 21

1T1= (T1-LZ) *60.
CNTAS=T108
INDPUT DLTA

FILLR DATs Lt STEPS CI' 20A.
goA 351,14, Ry, 102

FORAAMT (L2FH.0,15)

AeX=1.001+ (FY-1X) /20.

DG 302 I=1,80X

WLL (I)=FX+ {I-1)*20.

IF (462 .d2. 2) GO TC 1260
MPX=4PX+13

hsdn 1201, (WLL{I),I=2%,dPX)
POGMAT (BT10. 3)

GeAD 200, (FILT(L) ,1=1,H8PX)
CROS5~SLCTION DATA

Reao 600, (SG{1),I=1,a2X)
STAK SPRECTRUN IN STEES OF 204.
KBAU 303, {fI0(1),I=1,4PX)
FURAAT {1185.3)

FORAAT (1115, 0)

PAAAT {6ET0. D)

SUN=0.

Lo 101 J=2,8°4

SUN=SUN+ ((FILT{J)*FLC{J) +FILT (J=1)*FI0 (J=-1))/2. % (WLL (J) =WLL(J-1)_

C TUIs SECTICN AAHES & TABLE OF TOTAL INTEGRATED NUMBER
C DIENSLTY V5. HORMALISED SIGHNAL.

1216

1261

1009

DG 800 IEG=1,NTAB

READ {3, 12 16) TT

FOUMAT (5E16.6)

Il (IC2 .dcE. 2) GG TC 1261

READ (2,1216) (5G(1),1=25,4PX)

CUNTIHUELE

TH(LdC) =71

SUi=0.

DO 100G J=2,MEX _
SUN=SUHds ((FILL(J)*F Lo (J) *DEXP (=5G (J}*TT) +FILT (J=1) *FIQ(J-1)*

TOEKP (=56 (J=1) *TT) ) /2.) # {WLL (J) =WLL {J=~1))

FUR=SUN/SUN

I¥ (FaR .LT. 1.0=20) FAR=1,L-20
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179 JHO {LHO) =ENR

IR Y CONTLNUE . .
HESR Cavop g 3 &k ok § fog ok ke Aok £F 903 K e 3 e e ko akoale g e e MR o X o e o ok o o ol ol o e e R R
82 Cx ' PART=3 '
83 C¥ S
L o C* INPUT TU THIS PAKY IS Tﬁh ﬂnAbURED $SIGNAL. THEN NORMALISLED SIGNAL
igh C*  FOF I3 USED TO DETERHIRE TAL INTSGRATED NUMUDER DENSITY TNO
186 C¥  BY IHTEXKPULATION iN THL PAMLL COMEUTED IN PART-2
w7 % A o ok b 4 ke e Nkl e do ol e A Aol o o ol e e gk ol o) g e e o o o ke e e e g g e R R ##**&##t#tttt#*t
1o | READ IO, (0(1),I=1,10) "
18y PRINT 1001, [Q(I),I=1,10)
90 1001 FORMAT {10A8)
131 1002 FOLMAT(T3)
152 C  OCCULTATICN DATRA :
193 READ 7060, (DA(L) ,1=1,NEPY
194 760 FURHAT (121r6.0} '
195 : DMIA= nq(n
156 DO 857 I=1,NPP
197 LF(DA(l).hT DMIA) DMIA"Da(l) 1
198 857 CUNTILUE
199 DO #61 L=1,NPP
200 671 DA (L)=DA(I)-DMIA
201 . NMXY=NPP-4
202 SuUC=0.
203 DO 761 I=NMXY,NPP
S0k 761 SUC=SUC+LCA (L)
205 ' DAO=5UC/S.
206 Do 762 I=1,NPP
207 762 FOF {I).=LA{I)/CAO
03 ARITE (6,100}
w305 1004 FORHMAT (//"MODIFIED INPUT DATA'))
219 PRINT 100%, {Ca{I),I=1,NPP)
211 1005 FORXAT(10G78.C)
212 - C THIS SECTICN CALCULATES TOTAL INTEGRATED NUMBER DENSITY;
213 C USINs HELSURED SIGWAL AND PREVIOUSLY COMPUTED TAEBLE
214 DO 611 J=1,NTAB
21 2(J)=DL3E (FNO(J))
210 ' AN (J)=DLOG (TN (J))
217 611 CONTINUE g
218 509 YORMAT(TE,2D15.6) ' .
219 C M=y '
220 NP"H'IAB
221 CALL EAEAB (M)
22 DO 530 L=1,NPP ‘ :
223 LFf (0¥ (L) .LE. 0.) FOF(L)=1.D-5
224 ' DO 72 I=1,NTAB B ) :
225 LF (FOF (L) +GE.FNO(I) . B5D. FOF {L) «LT.FNO (I+1)) GO TO 613
226 792 CONTINUE : .
127 613 = J=I
228 : X=DLOG (FOF (L))
229 - ©OTHQ (L) =A {J) ¥ XX+ 3 (J) *X+C(J) "
230 TNO (L) =DEXP (TNO{L))
231 614 FORHAT(TS5,2515.6)
23z 630 COJATINUE
232.1 I¥(I02,NE.D) GO TO 2501 : :
LR EEER R R de o sk s e oo o e e e g e o o ol ol R ok ok ok ok ke aaE PETTET IS LT £ E 2371
-y C* . PART-3A .
235 c¥ Iy THIS PAWL, THE OZONE COLUKN DENSITY IS CORRECTED FOR
236 c#% HERZBERG AND RAYLEIGH SCATTERING *
237 C###########*#####‘Hr####*#1-4:##4*###***####**#***#*#####****###*###*#*

46



R AiSAD jauu,(5363(1),1=1,npx)

R JO0h  SCaLaT (1E10.
BETIY , Lo 2045 1=1,MD
MR Soa {1)= ..V%lJ—ad*((1dUO.F(l—l)*Zﬁ.}*].D-Q) *E (-0 ,05)
o o000 CaNTIINDE
.o S8 FUaMAL (T, 0815.4)
Juh SAlTe (6,8 10)
2l 315 FOREAT(/ /3R, " HAVE L', TX, P YILLERY, 104, 5TAR INT.",5X,
Jdn TPaOd S=5.C0L0a0 3K, 02 X-5ECTEON' 34, "AAYLEIGH X-SECTION'//)
2l EO 37T D=1, 404
Jio ald Lok {n,374) WLL(L) ,FILT(I),FIo(I),S5G(I),5602(I),S6H (L)
o 87 CAONTINUE .
AT KEAD 2000, LITEST, EPSC
2o Read 2000, ML, L4L0, Wil
RS 2000 FORAAT{LS,2812.4) :
203 WALTE (b, 3007) LTEST,EPSC,NL22,2020,042 :
R 3001 FOLHAT (/T4 P ITEST = ', L4, Y EPSC = ¢ ,PT7.4, ¢ MLZL = *,I5,
A5 T 240 = v,0D10.3, ' D2Y% = 1,310.3/)
29 ©oMBAD 2009, (CCH(L) ,I=1,42%) ’
297 2009 FORMAY(TZ,TED.2)
RECRY Lo 2500 11=1,3pP
250 L=dvpP+1-1II
260 irr=9
IR : SA= (LE (L) =42D) /D82+ 1
Ul IF(X€.Lk. 1) K=
2h 3 COZ (1) =CCM (KR} *DEXP ((IP(I)~ (220+D2L% (KK~1)))*DLOG {CCM (KK+1)
204 1/CCa (KK) ) /DZZ)
265 . Ca(ly=ccz{l) /0.2095
Joae SUN=FAT(0.0,CC2 (WPD) ,CH(NPE))
Y FATU=LLOG (FOF(I)) +SUN
Ton IF(FATC.LE.1.0E-5) Fatu=1.0E~5
A Cl= N0 (1)
270 ‘f*a?;?(c1 CO)(T) JCH (1))
271 C2=Ci%0.7
272 .IF(”~.LE;1.0b1OJ C2=1.0D10
273 2002 r2=FaT{Ce,CO2(I),CH({I))
YN I (DABS (F2-F1).LE.1.02-10) GO 70 2004
278 CA=C T+ (FATO=TF1} % (C2=-C1) /{F2=-F 1)
2746 IF(DABS{C3).GE,1.0E35) GC To 2004
277 ITT=1TT+1
274 I8 (LDADL ((C3-C2) /C2) LLELEPSC) GO TO 2004
274 LP((L0T-IT3ST).GT.1) GO TC 2004
264 IF(OABS ((F1-FATO) /(F2~FATC)).LE.1.0} GO TO 2003
241 Fl=p2
L2 C1=0¢2
284 2003 C2=C4
RATRF GG M0 2002
200 . 2004 CONIINUER
R THO (1) =C3
i LE{C3.L7.0.0) TRO(I)=0.0
20 n 2500 CONTINUE
2o L**##*v«*##*#‘ttﬁ*# ok o ###*##-«-**a'n#*#**4**##4‘*#****####t**###*##*4&*******
240 C* © PAKT-4
291 g
212 C# THIZ PAET FITS A PARASOLA THRCUGH TANSENT RAY HEIGHT ZP CONDPUTE
3 Cx W OPAXT-T V3. TOTAL INTEGRATED NUNDLEX DENSITY TNO CONPUTLED IN PART
L CH* -3, THEN USING LEAST SQUARE COEFPICIENTS, INVERSION IS CARRIED ON
255 ¥ T COHPUTE THE NUMBZR BENSITY. TdiS NUNBEK DENSITY 1s, THEN, USED
246 C* 1IN THE CALCULATICS OF MGLECULAR OXYGEN TEXPERATURE.
297 c*:=*¢**#-«¢#*¢*¢wv#azx-**#*#mw»;*M#*mﬁ*#**t***********###****#v*n##w#
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2501

123
12

977 -

22

978

311

NE=NEL

DO 1211 I=1%,NPF
2 (L) =4P (I)

AN (L) =18C (1)
pr=4. 1415926536 \ o
“UIS SECTTON OETAINS THE COEFFICIENTS FOR LEAST SQUARE PARABOLA
r=3 , ,
WRITE(6,21) A ,
FORGAT (1", SMOOTUING WITH H=',I3//)
ARIPE(6,123) |
CALL PARAB (K)

FORUAT (! IGNORE TEME. IN OZ0ONE RESULTS'//)
FORNAT (5X,6 2124 4) .
N1=iP=1

DU 4 J=1,N1

LEN (J)=0.0

Do 5 I=g,N1

n=2. %A (1) ' - :
DEN(J)=DEN(J)+B*(DSQET(H(I+1)**Z—R(J)**2}-DSQRT(R{I}**Z-R(J)**Z)
T+ (B(I) =2.%A(T)*RO (L)) * DLCG((R{I+1J+DSQRT(B(I+1)**Z—R(J)**Z))/
2(K({L)+DSCET(R(I) **2-F{J) *¥2}))) g

LEN (J)=-DEN (J) /PL .
CONTINUE .
WRITH (b,601) L1,L2,7T1 :

FORMAT (5%, ' LOCAL STARTIWNG TI4EY,I6, HOUR,',I6,"' NINUTE,"
1¢7.3,'SRCCUDS. ) . '
WRETE(6,23) _ _

FURHAT(//IOX,'HEIGHT‘,QX,'NUHBER',gx,'TEHP.',10X,'LAT.',11X,
1'LQNG.',10x,-c0Lumw-,10x,'NonnALIZEDr;10x,'02 COLUKN DENSITY',
211K, VIN Cd.*,BL, ' DENSITY',8X,'IN DEG. Ko *,5%,'IN DEG.?,BX,
3w ULG.I,UK,'DENSITY',9K,'INTENSITY',11X,'DENSITY',/)

Ni=N1-1 .

pO 977 4=1,81

T{(J}=0.0

DO 150 i=J,N1

A2=DEN{I+1)/ {R(I+1) **2)

AN=DEN (1) /(R {L)*%2) :
A1=DABS (A1)

AZ=DABS {A2) ‘ L
T{J)=T(J)+(A2—A1)/nzoa(A2/A1)*(Z(I+1Y—Z(I))

1 (J) = (3.8033D=u4) *T (J) /DEN (J)

T {J)=T (3) *RO (L) *RO(I) . : _

WRITE (6,22) Z(J),DEN:J),T(J],?HIO(J),ALAHO(J),XN(J),FGF(J),COZ
FORMAT (4X,6E15.6,E218.0,E19.6) : o

STOP ' '
DO 911 J=1,N1 ‘ 7 , .

i

 UD {J)=DEN (J)

UZ(J) =2 ()

UT{J}=T (I}

IF (UD(J) .LE. 0.0) UD{(J)=1.0EF 01

UYWIH=T7.0 o

ursx=0.%

UXMIE=4D.0E 05

UDx=20.0E 05

IF (102 .EQ. 0) G0 TO 1531

CALL PLTUFS (100.0,100.0, UXHIN,UDX,1.5,1.0)

Up¥x=1460.

UPDX=160. o :

CALL PAXIS(1.5,1.,16HTENP. IN DEG. K.,=16,10.,0.,UPX,UPDX,~1.)
CALL PAXIS{1.3,7.,15HALTITUDE IN CM.,15,8.,90. ,UXNIN,0DX,=0.5)
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ok
ath
RYTRS
3ol
PR
I
379
371
37z
J73
3750
375
370
377
374
374
360
3481
Jul
33
i
B FL
i 6

"rbii
Ry
490
591
Jal

393
394
315
o
397
SUy
39
G0
407
40z
403
a0y
405
o
47
40y
Yy
4170
411
ile

-
415
516
417

el UG T.D,1.0,005,0.05,20, 1)
Chb DLINGL (IT(L) ,0d(h ,,81,1,1,1,2,1)
CARLL vavss{l.on,va5,=0.1,0(0),0.0,080)
LEud e B GO To 1030
CALL EnRYEA e, helh, =001, 3U8=8,0.0,3)
: Gob T 1932
1030 CAbh FoVRLE{1e95,9.25,-0.1,3U8:4,0,0,3)
IhAS CALL VLUl :
1531 Cusfiale
CALL PLiOFS (UYMIN,UYES,U&816,0DX, 1.5, 1.0)
ChLL PLGAAS (1.5, 1.0, 16dNUNGER DENSTILY,-14%,10.0,0,0,0Y820,-UYEX)
CALL LAZLS{1.9,3.0,150ALYTTUDE LN Cda,15,86.0,90.0,UXHIN,UDX,~0.5
CAuLL PLotuD (1.%,1.0,1.0/U084,10.0,8.0,0.0)
Cabll PouID({1.5,1.0,1€.0,0.5,17,15)
CALL FLYLCS (2)
CALL VPLINE(ULD(Y) ,0Z4(1),.,01,1,1,1,2,1)
Ciul BIMuEC
CALL PSYNUB{1.5,9.5,-0.1, Q(1),U o, 60)
1 { ¥ LEC. 4) GO TO 91>
CALL PSYN5(1.5,5.25,-0.1,3H4=6,0.0,3)
G0 T 813
312 CaLL vSY s{1.5,%.25,~0.1,3H4=4,0.0,3)

913 CALL FLIEND (
0 CONTIKUL .
CALL EXIT
END
C*##*#*##*##***#****#*#*####$##***********#*##**###****#**##*****##**i
Cw PART=5
ok

C¥  SUBKOJTINE S¥P TAKES 5 SQULDISTANT VALUES AND FITS a LEAST SQUARE
C¥ PANABOLA Y=U%x%X + Q%X + n . COSFFICTENTS P,0 AND R ARE RETURNED
Cﬁ*#*k****#*v*#**#ﬁ**v****4£$#**¢***$#*V*****4****#*#*#**#***#*****##‘
SUBROUTLING 320 (Y1,Y2,Y3,Y4,Y5,P,0,R,5)
LAPLICIT RBAL#*3 {A-i,0-2)
CUndON & (200) , &0 {¢00),A(200),B(200),C(ZGO),ALT,WLL(100),FILT(1D(
1¥10{100) ,56{100) ,SG02({100) ,56HK (100) ,CC® (200) , NP, HPX

(2R ) Y 2= (AL %Y 3Y YU+ (2.%Y5) ) /4, :
{({(=140®Y 1)+ (40 ¥V 2)+ (120, *YJ)+;74 *Y U4y - {92 *YS))/1u0
(E1cba ¥YT) = (S0 %Y 3)~ (B2.%YU)+ (42,%¥5)) /70.

J
Y
\/

h H

JETU&N -

Lo
(740 %0 8 N X 4o N0 0 X0 Ak Nk e i oo e g Rl e e o e e ok 0 % e ek A el e ofe e ool ko e ale o ol e ol e o ok ol K RO R
C# PART-6 |

™ .
C*  SUBXOUTINE HELGLT CALCULATES 1ds RADIUS OF EARTH RR, AND DISTANT
C#* REP OF A FCINT #0104 CENTER CF EARTH; WHEN LATTITUDE 2HI, AND ALTII!
C#* ALY, OF TUE PUOINT AKE KNOYN.
{3 4 A ol 3063 e e ok o A e Aok A A e ARl X2 A0 Ko Al e e b e e e o e okt ok e ok U e ke e R R
SUBWRCUTING HELGHT (Plil, AP, %R)
INPLLCLT REAL*E(A=H,G=%)
CCAACN 4 (200) ,48(200),A(200),B(200),C (200) ,ALT,HLL(100) ,PILT {10/
1¥I0(100),56 (100),38G02 (109,334 (100) ,CCH (200) ,NP,HPX
REAL%S KAPPA

LU=, 0818202
n=6376.387
CLENQA=DIQRT (1. -{MC*LL*DSIN(PdI)*DSIN(PH;)))
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KCOS D CS (PUL) YE/DEMNH

DS IN=RE (1. “LL*hC)*UaLNkEHJ)/DLNOﬁ

La=d SORT (HCOS*RCOS+RELN*RSIN)

CHIP=LARSIN (RIIN/RR) '
HaPPaA=3.1015%926536 : ' :
HP=DSURT (RR *Rn+ALT*ALT-2. *RL*ALT*DCOS (KAPPA))
aETURN

END

L****#*#***u##*#*#*##nu#v***$#**¥###*ﬁ*#*##*#*$*#***###v#t#t###*t#*#*t#

o

Ck
C*

[
0k

(oA

Pﬂix“7

SUBROUTINEG PARAU FITS 1ie LEAST SOUARE PARABOLA THROUGH 1 POINTS
AT A TLlE¥ IN THE CURVE O 2 VS. XN. THE PROCES3 IS CONTINUZD FOR
NO POLa%S AW COUFFICIEYTS A,B AND C ARE RETURKNED TU MAIN PROGRAN
NOTYE THAT AN=A®L¥Z + p+id + C

(0ot ok s 80 Ko a0 A o ok o ok MO o e o %0 e e ok o o A i R MK R B K ROR  Xe AOR K

SUBROUTINE DPARAB (M)
IMPLICLT REAL%8 (A-H,C-%)
COMNMOR % (200) ,4i (20C},A (200),B(200) ,C(20C) ,ALT, WLL(100) ,FILT(100)
FIV{100), 55(100) S5G02(100), bbﬂ(100},LCﬂ(200) NP, ¥ 2X
L=w/2 ' ‘
CO ¢ I=1,HPD
IZ2=dp+1-1
K=1 : .
17 (LoGTaLoANDJILLT.IZ) K=I-L
1F (I.GE.I2Z) K=NP=4
2B=0. :
228=0.
'ZBB.:O L
LH4p=0.
¥N5=0.
ZN3=0.
22NB=0.
RZ2= K*ﬁ
DO 3 J=K,K2
ZB=28+2{J)
L2B=L2B+Z (J) *%2
L3B=L3IB+Z(J) **3
L5B=L4B+2Z({J) **4
SNB=ZHB+Z (J) *X N (J)
uzNB—42u3+ki(J)*(Z(J)**Z)
ANE=LNB+XN (1)
J=I
4l=
A=+ 1. :
AW)={(M*ZUB=-XNB*ZB) * (M*Z3B~ZB*Z2B) = (M*L2NB~XNB*Z2B) * (M*22B-ZB#%%’
1)/((4*?52 A2BFLY) * (M*Z38~-ZB*Z2B) - (M*24B~- 723**4)*(m*223 Z2B%¥2) )
C=a (1)
C3 ()= ((a*INB~ AB*XhB)—(d*aJB-zs*ZZB)*D)/(ﬂ*azb ZB*ZB)
£=3(J}
C (J)=(XNE~- D*ZZB-“*ZB)/M
d=41.
CONIINUE
" RETURN
B ND
FUNCYION CAL(X,A,B,C,D)
LMPLICIT REAL*8 (A-H,C=Z) : . :
CAl.= (A%X*%*2) + (B#X) +C o ' -
RETURN ' :
END : o 50
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SUNCTLAN FAT(C03,C00,CH

478
479 LAPLICIT REAL#B(A=il,G-T,4-L)

R C :

£ < L5 FUNCTION GENERATLS TEE SIGNAL OF A STAR AS SEEN THROUGH A
52 < A0S hEsE WEDH COLUME DENSLTI&S C03,C02,CH AND VIEWLD THROUGH
4ol C SILESE WlTd DRASSHISSION FILD(I) AT WAVELLNGTH WLL{L)

naly o
4nY Comilon 5{230},XN(ZOC),h(JOO},B(ZOD),C(ZOO),ALT,NLL(TOO), ILT (10
430 ‘ 1DIO{1UU),Sd(ICO),SGDi(100),SGM(1DO),CCH[200),NP.HPX

X=U0 (1) *CC3+SuCZ (1) ¥CD2+3GH (1) *Cil

wed

G 1¥ (DALS (XK).GT.50.) <=50.

437 =S LLE (D) ¥PIO () ¥De kP (-K)
4§90 FAL=0.0
4491 DO 16 1=2,MPX
TP, %= (1) *CUI+#5502 (1) ¥CO2+SEN (1) *CH
443 TE(uabS {4).6T.50.) #7750,
L) 2P TLT (1) #¥FLiC (L) *DEXP (-X)
R EATEEAT+0.5% (R14X2) ¥ (WLL (1) =WLL(I-1))
ytiog 13 sk 2 '
N Fad=0LOG (TAT)
1% 3 RETJHN
by LND
ST lod.. 1.2 160.59 To1.20 161.44 16212
501 -0.d2 -27.06 -27.30 -27.53 -27.76
502 Ti3.6 Tle.7 77824 779,90 779.1
5G3 293.64833 300.9%10  303.4984 306.9005 306.5116
S0 2.0 55.0 26,0150
505 0.0 6.0 53. 1328
504 13.0 29.0 32.0 065
3 7 130U.3600. 06
PV LA20 .04 .022 024 L0256 L0307 L0235 040 048 L0553 . 060
90y LOTU LObU <090 2100 L13C L1060 L2000 260 .369 <420 0529
B0 L0 L T4 L340 L98d .9901.00( .980 .9u0 .380 .840 .800
511 L7550 L7490 .00 L0400 L6000 JHC0 L4070 L350 L300 « 240 200
512 J170 2140 L1290 L1008 L0080 00l J000 LO0uWZ2 L0840 L037 035
515 S0 43 L 030 L0328 L2025 .023 L0020
31y 7.P0E=19  7.504-19 7.00E-19 6.3CE-19 5.8UE-1S 5.208=-19
515 §.70E=-19  4.30:-19  3.80E=19y  3.408-19 3.20E8-1v 3.202-19
510 3.30E=-19 3.50x-17 4.30E-19 5.2C2-19 6.60E-19 B.80£-19
317 1. 10E-%4d 1.408=-13 1.808-13 2.20=2=14 2, 70E-18 3.205-18
314 3.490e=18  4.S0E-13d 5.20E~13 5.30E-18 6.50E-18 T.405-18
519 . 00L=-18 G§.002-15 1.008-17 1.01E=-17 1. 19E=-17 1.208-17
220 1.205-17 1.152-17 1.108=-17 1.,08E-17 1.05E-17 1.0CE=-17
52T Y. 40LE=148 G.ONE-18  H,.20E~-18  T.50E-14 b.bBJL-18 6. 00L~-18
22 5.00kE-14d . 50E=-18  4.008-13 3.40E-1g  2,70E-18 2.302-18
D24 1.90E=To 1.50E=18 1.208-1¢ Y.JIGE-19 7.00E-19 5.40E-19
524 3.958-19
325 18 29 20 14 20 20 22 272 =22 22 24
G240 2 L0 26 26 28 39 32 32 34 36 35
el Lg 0 s 34 34 4G 30 34 34 32 30 32
G20 10 32 "3 34 34 34 32 32 32 32 3y
St 33 Juy 34 3u 3¢ au 35 36 36 36 36
FREIY 36 36 33 3K 3y 40 .
531 1.00u-19 5.000=-20 5. 005—-20 S.00E=20 T« 302-20 3.008-22 1.35E-
DAz ToU0E=%3 b.els=23 3.30M-23 2.554-23  2.10E-23 1.75E8-23 1.50:2=
-l Te 3OLE-23 1.175-24 1.0558=-23  4$.55E=-24 8.0091K-24 7T.40u-24 H.65E~
AN Ga Z0R=-20 5.H54=208  S.MHE~L4 L.adk=24 4,15E=-24 3.558-204 2.208-
du A0 =20 02,3052 1.98E-24 1.701L=24 1. 45E~24 1.2858-24 1.12kE-
936 Y 0. . 0. 0. 0. 0.
Bl s 0. 0. 0. 0. 0. 0.
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Part 1: L.ine numbers 1-125

In this part, the spaccerall position values are entered for use in
interpolation.  Therce are five such values for longitude, latitude, and altitude
furnished by GSIPC several weeks after the occultation. The first of these
five values corresponds to the time (given at a 10-second interval) which is
lcss than but nearest to the starting time. The Greenwich hour angle of Arics
is then read in for five times spaced ten minutes apart and centered upon the
time less than but nearest to the starting time. Star position information is
also entered, followed by the stariing ]tirhe and the number of data points. The
position of the data point is computed from the above inputs, using subroutines
HEIGHT and SET and function CAL. Program comments for PartI give

additional details,

Notation
DEC = declination of star, in radians
RA = right ascension of star, in radians
NP, NPP = number of data points in scan
PHIS = latitude of subsatellite point in radians
ALT = altitude of spacecraft, in cm
ALAMS = longitude of subsatellite peoint, in radians
| ALAMG = Greenwich hour angle of Aries, in radians
RSAT, RP = distance of subsatellite point from Earth's center, in cm
ROOQ, R = distance of data point from Earth's center, inc¢m
HO, ZP = height of data point, in c¢m
RO, RR = radius of Earth along a line to the data point, in cm
- PHIO = latitude of data poins, in degrees
ALAMO = longitude of data point, in degrees
T1, T2, T3, TX, X, S = temporal variables

53



Part 2: Line numbers 126-180
In this part, the filter transmission values, the appropriate absorp-

tion cross section, and the star spectrum are entered for the pertinent wave
o :
band at a 20 A interval. A normalization factor for the signal intensity is com=

puted and a table of normalized signal intensity v. tangential column density

(integrated number density) is formed. The latter values are already stored
in file CROSSDAT. '

Notatioh ‘

NTAB = number of tabular points o

FX =  beginning wavelength of band, in A

. FY = final wavelength of band, in 1—’?,
102 = switch for gaseous species and absorption cross section
(lzozox}e, 2:02, B:O2 with Hudson's cross segtion)

MPX =  number of wavelength intervals in band

WLL = wavelength

FILT = normalized value of filter transmission

SG = absorptioﬁ cross section, in cm2

FI10 = spectral star intensity, in digital voltmeter

: counts/time interval

SUN = normalizing factor, in counts/time interval

TT, TN = tabular tangential column density, in em ™2

SUM = filtered signal intensity integrated over wavelength,

_ in counts/time interval

FNR, FNO = tabular, normalized signal intensity corresponding to TT

Part 3: Line numbers 181-233

In this part, a comment card is read which identifies the occultation

data. The data are then entered, the background noise (minimum signal) is

. removed, and the data are normalized, Using (m+1)} smoothing points, a ioga-

rithmic interpolation is performed in subroutine PARAB to get the least squares

cocflicients for the column densities corresponding to the "modified input data.’
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Notation

DA

DMIA
'O
TNO
A, B, C
M

siar intensity observed during occultation,

in counts/time interval

minimum value of ]5A

normalized, measured signal intensity

column density along stellar ray path in cm )
‘least squares coefficients for a parabolic fit

one less than the number of smoothing points taken

for a least s.quares fit

Part 3A: Line numbers 234-288 (for ozone only)

In this part, a correction to the ozone column density is made for

the removal of Herzberg and Rayleigh scattering. To accomplish this, a

functional inversion of F(r) is necessary, where

J TN 00 expf - 7 NG (-G (N )= 7 (O, (=1 an

F(r) =

U

| [ | T

normalized signal intensity

filter transmission

spectral stellar intensity

cross-sectional value of ith species or of molecular
scattering (M), in cm? }

tangential column density of ith species

(N, = total for all species), incm

M

The desired quantity is NO3(r). To carry out this opera’(c)ior}, OJOZ()\) is read
in for the ozone band being considered e. g., 1800-3000 A, with the Herzberg

continuum being included. '\’;"n(m) is then computed for the same wavelength

region from Rayleigh's formula,

4,05 2

- -4 - 0
TRiN) = 3.981 x 10 28(107%\) % %2 (Nin &)
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- Some representative values of 02 tangential column density are read in at a
5-km interval from 10 km to 310 km, and exponential interpolation is employed
to find this quantity at each data point height. It is then converted to total

tangential colunin density for all species an.d the final value of No is reached
: 3
through Newton's inerative method. In this method, an initial guess of Ny, is

made for the value of Ngo) and function "FAT' produces a signal F, which is
: 3 . _
depleted by passage through an atmosphere with tangential column densities No

N_ and Ny and through the filter. The second guess N( ) reduces N( ) by
2 ' o °3 °3 |
one quarter, and if the resulting &ugnal F,is close enough to F1 we have the

3

N, which is sought. Otherwise, a new Ng) is computed by the formula
3 : ' ' , 3 .
N3 = Ng2em o Tt - N - )
3 3 °3 3 ]

where F is the sum of the "FAT" functional evaluation for the case where

No =0 (actually a new normalizing factor) and the log. of the mgnal corres-
3

ponding to N A second tolerance test is provided by ;(N - NJ 1)/NJ 1[

M °3 °3
< g and a limit is placed on the number of iterations. .,The data pomts are
taken from top to bottom and certain safeguards are included for computational

instablhty encountered at the lowest levels.

Notation
. 8G0O2 = O2 crosé section (\Toz), in crn2
SGM = ' Rayleigh scattering cross section (v"’M), in cm?
CITEST = maximum number of iterations
ITT = iteration counter .
EPSC =  tolerance
MZZ - . number of values in interpolation table for O, column density
ZZ20 = Dbase height of interpolation table, in cm
DzZ = = vertical interval in table, in cm
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Notation {cont'd)

CCM = tabular O2 column density, in cm”

002 = interpolated 02 column density (NOz), in .Cm-z _
CM = totﬁl column density (.NM), incm” 2

SUN = new ‘no.rmalizing factor

SATO (F ), CL(N " -1 j
FATO(F,), C1(NoJ 3, C2NoJ™h, CalNog)), FLF, ), F2(F))

= parameters in Newton's method

Part 4: Line numbers 289-383

Using subroutine PARAB, the coefficients are obtained for fitting a curve
of total tangential column density against tangent ray height, and the mathe-
matical inversion is performed to get number density. Please refer to the
notes on the -02 error analysis for details on this procedure as weil as the
computation of temperature,
' A STOP statement (line 342) negates CALCOMP plofting. When STOP is
removed, the plotter produces number density graphs for two smoothing values,

When molecular okygen is being investigated, it draws two additional graphs

for temperature,

- Notation
Z = height, in cm
XN =  tangential column density, in cm-z.
DEN= number density, in cm”™3
T = molecular temperature, in °K
Parts 5-7:  Line numbers 384-499

Subroutine SET. returns the coefficients after fitting a least squares
parabola through five équidisté.nt points, whereas subroutine PARAB fits
-any number of points which need not be equidistant. Add_itionél information

is available in the pfogram comments and in notes by Mr, A. Shah.
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Part 3: Line. numbers 500-541
| Sample data are listed for an ozone run. They are:

Line

500 Longitﬁde of spacecraft at a 10-sec interval, beginning with the

value nearest to, but less than, the starting time of the scan, in deg
501 Latitude of'spat;ecraft, ditto, in deg
502 Altitude of spacecraft, ditto, in km
503 Greenwich hour angle of Aries at a 10-min interval, centered around
the value which is nearest to, but less than, the starting time of the
scan, in deg '
504 Declination of star in deg, min, sec’
505 Right ascension of star in hr, min, sec
5j06 Starting time in hr, min, sec and number- of data points
507 Beginning and ending wavelengths, in }g, and spécies identifier
508-513 S2F5 filter | |
514-524 Ozone Cross section, incm
525-530 Steilaf spectr'al values of intensity over the same wavelength inter"vals" _
531-539 Molecular oxygen Cross section over the same wavelength intervals

540-541 ..Con't.rol values for corrections in Part 3A

58



Apvendix [II b, &
This Appendix explains the procedure of finding a random number

from a Poisson distribution as an additive scattering term, The procedure
is made necessary by the fact that a Gaussian error disiribution with a
variance equal to the signal intensity causes negative values to occur at
times when the scattered signal is superposed upon a basic signal as low as
5 counts/at, _

The Poisson distribution gives the probability of the number of occur-
ences of an event within a given time interval, e.g., 1 sec, and it is quite
pertinent to the present case, A Poisson distribution, as described by the
expression :
p{n} = exp [-t] %
has the values shown in figure whent = 10, 1, and 0.1. n must be an
integer, but t, the mean signal intensity, is a real number. Since we seek
a random number from a Poisson distribution to be added to the signal as
random noise, an inversion of the formula is desired. In lieu of this
difficult inversion, -we can search for a random number, y, 0<y<l, which
will permit an n to be generated such that p(n}.<y< p{n+l). When the inequal-
ity succeeds, n is accepted as the simulated signal inténsity. |

The procedure is employed successfully .when the signal is between 10 1
and 10 counts/At, At lower values'of the basic signal,. the computer search-
for Poisson random variables becomes too time -consuming so the sighal‘ is

_then left intact.
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Appendix Ilic.

This Appendix uses a simple flow chart and copies of error
analysis programs with notes to give the details of the numerical error
analysis for each of the species studied. Both single wavelength and
broad waveband céses are considered.

The first flow chart applies to molecular oxygen, which is
assumed to have a monotonically decreasing number density with increas-
ing height. Following this figure is a program, "THREE", which handles
the braodbandifilter case. Explanatory notes may be found at the end of
the program. |

The second flow chart applies to ozone, which is assumed to
have a Gaussian-peaked feature superimposed upon a monotonically
decreasing number density with increasing height. | Following this figure
is a program ”OZNUM", which applies to the broadbénd filter. Expléna-

tory notes for this program terminate the Appendix. '
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11 C Sl UP O FNR GAUSS SSPOAND RANDU SSP
TS G
AT [X=203+100%(JIX=1)
122 [ {M 0 G [ X=20]
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L34 TE(sUML LT 10160 T ©
125 $D=nSNY T{SUM) ’
136 . CALL - GAUSSTIXySDyAM, V]
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27 . CALL PARABIMY
o N1 =NPH-]
T 2 .. DO 4 J=1,N1
S DENIJI=0,
206 DN 5 [=J,N1
227 . N=2.%A01}
228 5 OEM(J}—DtN{J)+U*(USQRT{PHTG[I+1)**2 “RHTN{J) %% 2) =DSORTORATO(] ) *¥
29 N TRHTOCII*%2) )+ (B(1)=2 *ALI)%RE )*DLOG({RHTO{I+1)+DSQRT (RHTOL [+1)
730 . 2=RBETO(J)#%*2) )/ {RHTO( I }4DSQRTIRHTOL I ) %% 2=RHTO( J)%%2) ) )
23] DEN{J)==DEN{J)/PI%2.
;2 o
‘3ﬁa C CCMPUTE ERROR AND ACCRUE ERROR SUMS
224 G
236 DERR (J )= (DEN(JI=ONUMD{J}) ZONUMD ( J)
226 DERRSQ{JI=UERRSQIJ)+DERR(JI*DERR(J)
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-TY

A e R E N

82

akzEel

Al
ap
33

DERRACI)=DIRRACJY+DERRTY)
COMT LN
h!\li‘ {88 YJ1Z22JIYJIX
FIIRMAT(/319)
TR (MM L HMMIGO TO 1B
WRITE e, 24 )NPH
FORMAT(Z/726H  NUMBER OF DATA POINTS =,13/)
WRITEA(L yZ25)INP - .
EORMAT(/20H  NUMBER OF TARULAR PUOINTS =,13//)
WRITEL6423)
FORMAT /715X, 1HZ y14X yLHT 414X 4 3HNDZ 12X.4HCNO£,14X 4HDERK/ /)

COMPUTE TFMPERATURE FROM A FORM OF THE HYDROSTATIC LAW

Nl=M1-1
DU A J=1 N1
=0, '
51 7 I=JyNl ,
A” DEN(I+1) Z(RHTO(T+1 ) %%2) , '
=OEN({ TY/IRHTO (] y*%2)

al SARSLAL)

A?=NALS{AZ)

T= 1+tn? Al)/DLUG(AZIAIl*(ZKM(l+1)-7KM{li]
T=(3.8C38E=-4)%T/DEN(J)
T=T*RATOLT VRRHTO(I)

TE{MMJME .MMM IWRITE (6 22)ZKM(J)'T10EN(J};ONUMU(J)'HtRR(J)
FORMATILOX ¢5D15.61)

CONTINUE - :
Nid= MNH%2 .

[F (MM EQMEMI N =2

IFINNJEGLTIGN TO 8

[F(MM,EQ.MMMIGO TO 18

CONTINUEF

TFINNFQ. 2 AND. MM.NL.%MM)GD TDO 83 -

CONTINUF

[F (MM LR MMMIGY TO 79

CONT TRUTE :

[F(MLNELMNMIGO TO 80

WEITE(H,82)

FORMAT (/78X ¢1HZ 3 10X 4 LOHMEAN ERRQOR, ?X,SHSIGMA 10X, SHSUNSQr

111X, 3HSUM/Y

COMPUTE STATISTICS FROM ACCPUED SUMS

0 B0 J=1.N1L
DlEAhIJ)'DERPA(J}/(MM*l.)
SI(PA(J)‘DSQRT(D[RRSQ(J)/(MM*I ) =DMEAN-{ JY*DMEANTJ) )
WPTTE (A 581 ZKMIJY DMEAN(J)'SIGMA(J}'DFRRSQ(J) DERRA{ J)
FIIRMAT(S5D15. 6) '
CONTINUE
caLL EXIT
END
SUPPHUTINE PARAB (M)

PARAU FINDS THE SECOND NRDER LEAST SQUARES COEFFICIENTS
Asty AND C FDP INPUT VECTORS Z AND XN,y USING M+1 SMUOTHING
POINTS

IMPLICIT REAL¥B(A=H,0=2)
CUMMON FSUR{400) 66



2l
R

bl YRS
[

A (- L:‘-
L)
Rk Taby
30
I 4
s
306

?Hw;?

SUER

ate]
310
311
312
313
314
315
Jlo
317

3w

31(1
o0
321
3éd
323
324
104
VJ}:L»
a1
Ban
1z2a
330
31211
Az
S333
324
335
336
237
238

332

EEAM
34
342
]
s hh
AR
346
147
T4H

.3“3‘]

P

3od

inl

[ty 'i‘(;?. )

163
3h4
365

366

O

CUMWHN-2(400).XN(#OO).A(GOO).B(#OU).C(éOO),XP(#).FNO(#OO!;
1Furtqno;.rww(4001,TNG(«OOl,HO,XND.RE.NP ‘ ’
L=M/2

N 2 I=1,4.NP

12=MP+1~L

k=1 o . " '
'IF(I.GT.L.AND.I.LT.IZ)K=I-L
1F(T.GE«12IKR=NP=M

lh=0. .

77288=1)a

730=0."

2413=0 .

XNR=10.

INB=0.

zzM3=0.

K2=zK+M

DO 3 J=K K2

INn=7204+7{J)

7oh=72B47 () R%2

73R=Z22R4+7 () %3

AN AR Y AN R R

AR AR AR ES LR INE
ZZNBzZZMH+XN(J)*(Z{J)**21

XN =XME+ XN J)

J=1

M1=M

MM L
Y={M*lBu—zzn*ZH1*(M*23H-2H*Zza}—(M*zaa—zza**zI#{M*zza-za**ZJ
IF{DABSIY)eLTal=40) ALJ)=2C.

[FIDABS{Y)eLTalaD=40V O TO 1
n{J)=(1M*ZNB-XNB*ZB)*(M*ZBH-ZB*ZZB)—(M*ZZNB-XNB*ZBH}*(M*ZZB-ZB*
l)/{(MﬁZBB—ZZB*ZB)*(M*ZBB—ZB*Z2B)—(M*ZQB-ZZB**Z)*1M*ZZB-ZB**2]l

1 N=AtJ) :

YY=M&x L2 B-LRRE2 _

TF{NABS(YY).LT.1.0-40) B(J)=0. '

[F{DARSIYY) oL T4laD-40) Gy TO 11
B(Jl=((M*ZNB-ZB*XNB}—(M*Zaﬂ—ZB*ZZB}*D)/(M*ZZB—ZB*ZB)

11 F=R{)) - -

ClJI={XNB=~D¥Z2B-E*IB)I/M

M=M]

CUMTINUE

RETURN

EMND”

SURROUTINE ATMOD(RW)

ATMIOD FINUS THE 02 NUMBER DENSITY AT ALTITUDE ZW

CIMPLICIT RFAL¥8(A-H,0-21)

COMMOM FSUI(400)

CriMily 1(400}.XN(4OC)vA(400),8(400).C{GOC),XP(4),FNDI400‘v

lFUF(ﬁOU);TWN(#DUl,TNG(400).HD'XNO.RE.NP

PF:=6‘371-05 . !

Zd=P\v-RE '

XP(2)=H.72013*DEXP(—(ZN—80.US)/10.DS} N

RETURN : )

END _
2.50F-19 5.G0E-19 1.50E-18 2«30E-18 8.00E-18 l.30E-17
1.40C-17. 1.41C~-17 Ll.42E-17 1.306-17 1.26E=17 1.10E-17
1.00E=17 B.20E-18 7..00E-18 6.006~-18 4.50E-18 3.50E-18
2.5CE-18 1.80E-18 1.20F-18 8.,00E~19 . 5.50F=19 3.50E-19
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=

wr 2.0 =18 1ee0E=19  1400E-19
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Part I: Line numbers 1-62

In this part, the initial parameter values are set and the

input data are read.

Notation

SH
VM
WLO
TF

FOO,

RE

HO, HP
XNO

NP

NPP, NPH

HDP

JIYMAX

JIZMAX

0-2 scale height for an isothermal atmosphere, in cm
visual magnitude of star

reference wavelength for stellar spectrum, in cm
Effective blackbody stellaf temperature, in °x
adjusting factor for obtaining a desired fictitious count
rate at the top of the scan ’
average radius of the earth, in cm

base height of the O_ profile, in cm

2
'02 number density at the base height, in molecules/em

3
number of points in a formulated table of normalized signal
v. column density. Note: column density = mass of species
inal cm2 channel centered |on the stellar ray, also called
the total integrated number density.

number of data points in the profile

hglfstepsize for computing O2 densities in an exponential
atmosphere', in cm

switch for introducing random error into the signal intensity
stepsize for computing 02 number densities, in number of tabular
data points

limiting value of the number of data point spacings used, with

random error in signal

limiting value of the number of data point apacings used,

‘without random error in signal
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JIX, JIY, JIZ =counters

MM,' MMM = switch for selecting one of three paths (see program
comments)
SG S Co2 absorption cross sectional values in cmz;

_ -

‘the values are listed at the end of the program
WL = Wavel_ength in cm
_FILT = normalized values of S4F1filter transmission; the values
- are listed after the SG values at the end of'the program

FIO. = stellar spectral intensity, in digital voltmeter counts/ sec
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Part [I: Line numbers 63-96

In this part, a normalization factor for the signal intensity is
computed and a table of normalized signal intensity v. column density (see
NP under Notation, Part I) is formed. In making the table, arbitrary
values of O, number density are selected which cover the expected range of

values of the species profile, Then the expression for the column density,

ad — L

W= -,._/'_..n;,»; r{rt=nty Sdr ig integrated numerically by an expansion

of the modified Bessel function of the first kind, assuming an isothermal
' ]

atﬁmsphere: ) wi o “.* ,
Voo 1m) e " rik GleamSe ”fi")‘(; .z —}v)
n, = number density
r, = distance to the earth's center
H = scale height
K, = modified Bessel function of the first kind

Superscript * refers to the reference height, which is 80 Km in this case.

Then the signal intensity corresponding to N is computed from the expression,

* ~FT(A) N 7 o -
_T-=j7“u)_-‘:”(,\)c X [IT(A)I”(X)JAJ
o o
T = filter transmission : L _.
N o= Wavelength |
¢ =. species cross section
1 @ = integrated stellar spectral intensity' without atm ospheric

attenuation
Complete notes on the derivation of the formula for N, are included on the pages

preceeding Part Ill. There are some minor differences in notation.
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Notation

SUN

HD

IHO

SUM

RO

zQ

TT, TWW
FNO
FSUB

It

1]

integration factor, or the integrated stellar spectral intensity,

in counts/sec

stepsize for altitudt_e of the ray's tangent point used in the
calculation of the column densities, in cm

cou.ntelr and altitude setter; in linés 81-89 it is used to arbi-
traririly reduce the column density tb near zero at the upper
end of the scan

filtered signal intensi'ty integrated over wa\;elength, in
counts/sec | |

distance from the ceﬁter of the earth to the ray's tangent
point, in cm

éltitude of the ray's tangent point, in cm

column density for the table, computed at altitude ZQ, in cm ™2

integrated, normalized signal intensity corresponding to TT

storage vector for the integrated, unnormalized signal

. intensity corresponding to TT, in counts/sec
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Part III: Line numbers 97-174

In this part, the simulated signal intensity is obtained. If no

random error is to be admitted, lines 98-108 select certain tabular values

of the integrated, normalized signal intensity as the simulated signal intensity,

If random error is to be introduced, there are two possibilities: (1) scatter

the signal values with a set of random numbers from a Gaussian distribution

with its mean = 0 and its variance = the signal intensity; (2) find positive

integral values of the signal from a Poisson distribution having its parameter

¥

= signal intensity.

A Poisson distribution is characterized by the probability fﬁnction,

P(n) = 0, n not an integer
el
P(n)':—Tr—,n:G, lp 2;

I = mean signal intensity, the Poisson parameter in this case

To find an n which belongs to a Poisson distribution, the pro-

cedure employed (lines 123, 125, and 145-171) is this:

‘1. Seek a random number (YFL) between 0 and 1 which permits a random

variable, n, to be found such that P(n) « YFL < P(n+1).

.a-

The search begins with n = 0 and proceeds with increasing integral
values. This permits the probabilities to be cumulated, i.e.,

3 -
P{3) =_I_§T_ + P(2) + P(1).

An upper limit on n of I + 5 is imposed for computing economy.

If n = 0 is the outcome, substitute a small positive value for 0 (n=1(5l 0)

to allow subsequent.computation to continue.
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> Assign n as the value of the signai

| In .pr;ctice, the Poisson random variables were sought when
0.1« I<10., | At ‘the lower limit, P(n x 1) = -0. 12, andl the search procedure
is quite time-consuming at lesser values of I, Below 0. 1, the tabular
.number is accepted as the simulated signal, but a diffei-ent smoothing pro-
cedure in the interpolation subroutine produces a number density unlike
that for the no-scatter case. At the upper limit and beyond, the Gaussian
distribution Yiélds a real number which is added to the signal in a rapid

]
computer operation.

Notation
JIZ - = loop counter for no-scattering case
FOF = simulated (measured) Signal inte'nsity,. 1n counts/sec
JIX =  loop counter for any quantity d_f scattering cases with a single
~data-point spacing | | '
IX e _- GAUSS subroutine argument; | it must be éhahged manually
~ at the start of a run if new random nurhbers are desired;
it is an odd, positive integer
JX = "‘RANDU subroutine argument; it must be changed manually
before. each 'entry to avoid repeﬁtion
AM = GAUSS subroutine argﬁment: the mean of the distribution
P = -prdbabilitjr of a Poisson random variable equalling the integral
value of the subscript minus 1 |
JIY . = loop counter for one scattering case with variable data-
point spacing o | |
SD ‘=. 'GAUSS subroutine argument: the standard deviation of the

distribution

.~ % n-21n the progreim corresponds to the n discussed heére.
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n

]

1l

i

GAUSS subroutine argument: the value returned

indicator of the program path taken and the Poisson integer
upper limit on the Poisson integer

numerator in the Poisson formula

denominator in the Poisson formula
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Part IV: Line numbers 175-238
In this part, O number densities from an exponential

tmosphere pinned at 80 Km are computed (lines 175-191) for later
The former values are

comparison with retrieved number densities

-furnished by subroutine ATMOD.
In order to carry out a mathematical inversion leading to

retrieved number density, the column density must first be obtained
This is achieved through a logarithmic interpolation scheme as follows
1

The table (Part III) is converted.to the natural logarithms of signal

1.

intensity (FNO) and column density (TNO).

2. Using subroutine PARAB, a least squares parabola is fitted to M + 1
values of In(FNO). This is done at.each tabular_\}alue of In(FNO} to
obtain the coefficients (A, B, C).

3. The simulated signal (FOF) is located between tabular values of FNO,

its logarithm is found, and the column density (N) is computed by

N = exo | 2 )
N, =exp | Aln D+ B, Inl= |-

) Tests with various numbers of smoothing points indicate that
3(M = 2)is the optimum number for unscattered signal intensities and

g (M= 8)is optim:um for randomly scattered data

The mathernatical inversion is represented by

i

’ Z '{ . 3 FS ]_.-J-
] (e e

= s
© i dr .
¥

and the error analysis may be expected to invert N(ro) according to an

expression such as’
I Y
Cer Xl

= . N . i‘f -""'.. "{{!I
o \(‘ v ‘2 i - /m —: i+ (T.‘-r_s") . ‘1}

However, as may be seen in the ensuing notes, the random noise bemg

superposed is
Amu‘)=-—'— C{"M’( “) ‘c{f
' i
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and smoothing of AN is necessary, i.e., AN-= A(r-ro)z + B(r-ro) + C.

The resulting formula is

i [/

‘ ; { L - . A . t,.',l_-‘.l"
An'\((‘j)‘—*#‘} 3 2/.\‘_({;“ _ r.j‘—) ‘(Y; -'f,_)’ i(IB.,-r_A;Q)-'/"‘ [fu.i__.‘_er__‘%_)__J

) R L

SN

The coefficients Ai'and Bi are again supplied by subroutine
PARAB, the argumeﬁts of the table becoming altitude (ZKM) and column
density (TNO). )

The e.rror, (n; - no) ! n, is finally computed at each altitude -
level and its sums and squares of sums are accrued for multiple cases
(lines 232-238).

Notation

ONUMD, XP(2) = O2 number density from the exponential model atmosphere,

in cm
RHTO, RO = distance of the ray tangent point from the earth's center, in cin
ZKM = altitude of the ray tangent point, in cm
Z = abscissa of the table
XN = ordinate of the table ‘
M = one less than the number of smoothing points taken for a
least squares fit in subroutine PARAB
X = entry value for a logarithmic interpolation
DEN ‘_= retrieved number density, in cm-a
DERR = error in number density
DERRS®@ = sum of squares of DERRs
DERRA = sum of DERRs
A, B,C, = least squares coefficients for a parabolic fit
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Part V:; Line numbers 239-288
In this part, the molecular temperature (T) is computed from

the expression

which is derivedlil'r_on.l the hydrostatic approximation (see the following notes).
If muitiple.lcases are being handled, the mean and standard
deviation are then‘ compﬁted for the errors at each altitude level,
Notation | |
T = molecular temperature, :in %k

MM, MMM number of cases for error statistics

DMEAN = mean error in number density
SIGMA = one standard deviation of number density error
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'Part VI: Line numbers 353-361
| In this part, the O, scattering cross sectional values are listed
at an interval of 20 f‘i {lines 353 -358),
The S4F1 filter transmission values, adjusted to a maximum

value of 1.0, are also listed at the same wavelength interval (lines 359-361).
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$1g SAYE T=10 =10 *MAURICE GRAVLES!

BIANT SLONUN WAS: To:iad.t: 07-0€-71
USER "SALE™ SIGNEL €M AT 15:32.47 Cbd 07-12-71
LT CZNUM
1 ¢ QZCuk NUMERICAL LLLCE AMALYSIS
p ¢
: L¥DLICIT FEAL*E (A-0,C-%)
4 CIMENSICN S6(100) ,WL (10C) ,5IC (100) ,FIIT (100) ,CNUND(4O0} ,BHTQ (401
€ TLEN (40J) ,LuhR{4C0) ,ZKM {4CC) ,1H0X (400) ,P (16) ,LERRA (400),
€. SLERUSC (U00) ,LNEAN (U00) ,51CHA(UO0)
6 CCMACK % {Uu00) ,XN (400} ,A(uCC),B(400),C (400),XE(4) ,FNO(400),
¥, 150F (400) ,1wW (4C0) ,TNC|1400) ,HC ,XNO, RE, NE '
7.1 LATA CEFGA,DERNSQ/E60C*0./
£ SH=4.34L5
S ANCCEI=8.LE
1C Z#0JU=83.L5
1 SECO=S,L1¢
1z ve=1,
13 WLO=5000.C-8 !
14 . 1F=1900C.
1€ _ FCO=.9€1C 10
1€ F1=3.1415G62653589793
14 B FE=€371.LE
19 HC=30.DE%
20 LE=HC
1 »NO=5,.C1C
oz NE=171
i MEP=T41
U MNEH=NEE
P HLP=5.D4
26 pN=2
27 =1
27.1 JiY=¢C
c7.2 JI2=0
28 C
24 C WHEN ME=PFPFPM, THE PHECG&AM CCMPUTES MEAN ANL STANCARD DEVIATION
30 C CF PELRCENTAGE FRROK AT KLF SPACING FOR MM CASES. WHEN
KR C K% JNE. E¥d, THE ELOGRAY CCMEUTES PERCENTACE ERROR AND TENP.
R C AT VARICUS SPACINGS WITH RANDCM ERROR (NN=2) CF WITHOUT
3z C RANDCY EFFOB (MD=1).
34 C
ic rE=10
3¢t roy=1C
ki Ik (MEJEC.MMM)YWELITE (6,20) 20
g 20 FORMAT {/,21H  STATISTICS FOR Mm=,I3/)
4 C :
41 C INPUT G2 CROSS SEC1ICN (SG), YAVELENGTH INTEAVAL(WL) , FILTER
Lz C TRANSPISSION(FILT) ‘ ‘
4z C
Ly ‘ FEAD(5,6CC) {SG(I),I=1,61)
4s 600 FCRMUAT (€L 10.2)
ye DC 300 I=1,61
47 300 WL (I)=18CC.+(I-1) *2C.
Le c L7y
49 C FILTER $t==l TRANSHISSION
& C
51 FEAD(E,€01) (FILT(I) ,I=1,€1)
£z 601 FCHMAT (11F5.3)
e: C '
€y c © CCMPUTE EILACKECDY STAE SEECTEUM AND ADJUST TO GET DESIRED
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Jﬂ

94

100
101
102
103
10t
105
1CE€

Al
ice
105
110
R

3

~Co0Oe

g

2N st Nal

MAX1MUM COUNT BATE

LG .,Hl 1., 61
FLO(I)=CLEXP (- (.92 1¢VH+19.,3875)) ¥ (WLO**5) / ((WL (T) *1.D=8) ¥« 5)* (DEX
11.438/ (WLC*TF) ) -1, )/1chxp(1 uaa/(hL(I)*1.D 8*IF)) ~1.) *(1.D~- ﬂ
FIO(I)=FIC (1) *¥Q0

01 CCNTIMNUE

CCMPUIE NCRMALIZATICH FACTICEH

SUN=(.

LC 30z Jd=4,61
02  cuN= SUN+|(FILT[J)*EIC(J)+FIIT(J 1) *FI0 (J~ 1))/..#(wL{J)—WL{J-1)))
' HEllL(C, a03) SLN
303 FCRIMAT(sL15.€,)

EC=17C L5/ (NP=1}

FCRu A TABLE CF CCLUMN DEMSITY (TT) VEEKSUS SIGNAL INTENSITY
(SUM) EASED UEQGN AN INTEGRATICN OF THE FORMUIA FOR TT WHICH
ASSUUES SEMEBICAL STEATIFICATICN AND AN ISOTHERHAL AIHOSPHERE
" LC 8CC 1uc=1,ne
. suUM¥=0.
EC RE+HC+ (LHC=1)*HL
ZC=EC-RE

q1= XNC*DhXP(-(ZQ -50. DS)/Sh)*BSQRT(1 57079*3&*50)

1% (1 +3.*SH/ (E.*RO)~15.232. *(SH/RO)**2+315 /216.*(su/ac)**3)

C1=2./ (SHCO*SHCC)

VASZC-ZWCC

VE=VA*1.4142SHCO

JE(CAES (VE} .G1.12.€) T1G=C(.

IF(CAES{VE).G1.12.8)¢CC TC 14

CYL1=FECFR (-.5,VB)

CYL2=ECEDM (1. 5 LVE)

TTG=(XNCCI*DEXP (~ (VA/bHOO)**2)/DSORT(2.*80))*( 8862269/(C1
1%%,75)%DEXP (VA*VA/ (2. *3HCC*SECO) ) *CYL2+4E0Q/ (C1**,25)*1,7724538%
2LEXP (VA*VA/ (2.%SHUO*SHOQ) ) *CYL 1) . '

14 TNOX {IHC) =TT+TIG

1F {IHC.G1.162)TT=10.%% ( (AE-1HC)/5.)

IF(IEC.EC. 171 IT=1.L=10 =

TW (LHC) =1T

[C 10(C J=2,81

1000 U&= SUH+((FILT(J)*EIQ(J)*EEKE(-SG(J}*THH(IHO)}+FILT(J 1) *
1FIG(J-1)*LLEXP (- SG {(J- 1)*Tun(150)))/z )#(hL(J)-hl(J—1))

EANC(IHC)=50UM/SUN

: WRITE (6, sou)lnc,rhu(IHO) FhG(IHO) TTG
504 FCRMAT (12,15,4D15.8) A
00 CCNTIMUE .
Jf(uu EC.2) GO 10 °SC0

IGOP FGE 50 FANDOK EEROES 1N SIGNAL INTENSITY AND vaaxous
TA ECINT SPACINGS i |
JIZMAX=S
DC & J12=s1,JIZFAX
900 L0 8C1 1HO=1,NPP,N
SUM=0. :
LC 1001 J=2,61 -
1001 aUh‘SUM*[(FIII(J)*FIG(J)*LEXE( SG(J) *TNOX (IHC) ) +FILT (J-1)*
110 (J- 1)vnnxp(-sc(a 1) *TNCX (1HO)) ) /2. )*(HL(J)-HL(J 1))
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[ 3]
forad

127
124
126
1130
132
134
138
13¢
13¢
137
13¢
139
1640
141

4z
i3
144
14€
14¢
147
14¢
149
15¢
151

152

153
1S4
15%
T14¢
157
15¢&
154
.6C
161
1€ ¢
163
1€ 4
16 ¢
1€
167
Nt
17C

171
172

501
VR

sl e R el tEn

803

0N G

aoOntGrn

404

503

noO0 60

10

FCEF (IO} =5Ul/SUN
WRITE(0,5C1)YEC,TNOX (I6() ,ECF (I1HO)
FCUMAT (T2, 15,<L15.6)

CCHNTIMUE

JF(NNJEC. 1) GO TO ECE
IF (4r.DELEMN)GC TC 803

LCOP FCEH ACCHUING ERFGKS IM €3 DENSITY RESULTING FROM
RWANLUCMLY SCATTERED SIGNAL INIENSITY, FCK MANY CASES,
WITHL A SIMGLE LATA ECINI SEACING : :

LG 18 JIx=1,bV
CONTINUE

ST UE ECK GRUES ESP AND RANLC SSP

=203+ 1C0% (JIX-1)
1F (ME.NE.HHH)IX=201
Ji=IX ‘
Ar=0.
E(1)=0.
IF (ME.EC.KHNN)GC TC 804

LCoP FOR RANDCK ERFFOFS IDd SIGNAL INTENSITY ANC VARIOCUS
LATA ECINT SPACINGS ' :

JIYNAX=1 ) ,
CC 26 J1Y=1,JdIYMAX
£O 810 1E=1,NPP,NH
SUM=FCF (1H) *SU}
TE(5UM.LT.10.)G0 T0 €
SD=DECRT ISUN) _
CALL GAUSS(IX,SC,AM,V)
FCF (IH)= (SUH+V} /SUN
1F (FCF(IK)+GEs1.) FOF (IH) =1e=1.D~5
IF(FCF (IH)+LT.ENO(1))FOF (1E)=EFENO(1)+1.D=12

N§=10C

GG TC 8CS
1F(SUK.LT.. %) FCF{IH) =FNO (IB)
IF(SUr.I1..1)N8=0
1F{5U%.17..1) GO TO 8C9Y

CETEZbEINE A RANDOM NUMBER FRCM A POISSCN DISTFIBUTION
WIEN 1<SIGNAL INTEMNSITY<10.

DMAX=S0F+5,
F=DEXE (-SUN)
E(2)=SUK#F
CSUN=F (2} .
CALL BFABMDEU(JX,JY,YFL)
LC 1 N=Z2,NdAX
IF(N.EC.2)GC TIC 10
U=SUM** (N-1) *F
D=1.

JI=N-z :
EC 3 J=1,11

L= (N=J)*L
GEUU=GELE+U/D
E(N)=GSU |
IF(P{N).GE-YFI.AND.F (b-1).1E.YFL) GO TO 12
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17:
174
17¢
1i¢

71

Tt
179
18¢

18 1

Ttz
183
"E Y
185
T8¢
13¢
1¢7
188
18E
189
1e(
191
162
19 =
194
16 ¢
19¢
157
158
149

zC1
202
202
204
z2CE
zC¢€
2C7
2L E
Y 209
<1C
211
21z
<13
214
215
1€
217
.l
“19
z2C
221
ézz
223
2zl

22‘

‘.547

zczE
229
23C

OO0

nooco

809
5C5

810
£06

o0

5C2

612
613

7C0

CCNTINUE

G A=JY

¢C TC =

Jx=JdY

ECEF(IE) = (&~ 4)/‘01 '

IF (FCF (IH)«LT.14D= 10)EUr(IP)—1 D= 10
IF (MM NELIMN) WRITE (€, BC‘)IH,FOF(IH} JENO (IH) K, YFL
FOR®AT(IS,2015.6,15,F10.5)

CUNTINUE '

HLE=HLE¥2.

15 (AN EC.MueiM) ELP=4ELC

NEH= (dEl-T) 22+

IFE(JIY.EC. 1) NPH=1UT

IF(JIZ2.E(.1) NEH=T41

1F(MMeLC MMN) NEH=261

COMPUTE Cz NUMEER DeNSITY FRCH AN EXECNENTIAL MCODEL
ATMOSEHERE WITH. A SUELRPGSEL GAUSSIAN CURVE FCR LATER
CCMAFISCN WITH RETRIEVED VALUES

EC 8C7 IHC=1,NEH
RC=RE+HC+ {(LHC-1)*HLE

"CALL 2TNCEL (RQ)

CNUMAL {LHC)=XP (<)}

FEHIC §1HC)=RO

ZKM (16C) =hiTO (IHO)—RE
CCNTIMNUE

IthBELIAIu IN THE TAELE 1C FIND COLUMN DENSITY (INO) FROM
4 SIGNAL IhTENSIT!(FOb) WEICH IS A SIMULATION. CF THE
‘E&bURhE SIGHKAIL :

LC 50z ¢=1,NE

Z {J) =LLCC (FNO (J))
AN{J)=DICG {TWK (J))
CCNTIDMUE '

¥=8

IF {NN.EC.T) =2
CALL EARAP({M)

LC 630 L=1,NEE,NH

1E(FGE{L) LT.ENO (1)) FOF{L)=FNC (1) +1.D-12

LC 612 1I=1,NE
1}(101(1).u£ FNO (I} -AND. ECE(I) LT. FNO{I+1)) GC TO 613
CCNTIMNUE
J=1
¥=DLCG (FCF (L)) -

.TNO(L)“&(J)*X*X+B(J)*X+C(J)

18O (L) =DEXP (TNC(L))
CCNTINUE ,

" INVEBT CCLUMN LENSITY(INC) TC GET 02 NUMBER DENSITY(DEN)

Lc 7¢0 Ja=1,8PH
Z (JY=ZKF(J)
k=J%*NH=- (NH-1)
XN (J)=T8C (K)
¥=8
IF (NN.EC.1) M=2
CALL EARAB(M)
MI=NEH=-1
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<3y
240
z41
42z
242
24 3
2Ly
24¢
Zic
247
24¢c
249
2S¢
251
VL

282

| 2
THAn
'

;rgr\,wmmr\( [l o
[2 S INY 1O W]

[N N
e
] ™

[ RO SN N S "R 1R e

Lo B R e

[ 9]
(321
il

-

F ol U N S

r‘:-n_nn m

s RN a)

45

24
25

23

13

79
82

e Nale!

81
80
‘63

EC & J=1,N1
DiEN{J)=C. .
LC 5 1=J,N)
E=2.%A4T)
DT=LAES (hUTO (1) #%2-L ETO (J) *#%2)
DEL (J) =LEW(J) #D* (LS{RI(EHIC (1+1) ®$2-RUTO (J) ##2) - DSQRT (DT} )
V4 (B(1)=2.%A(1)¥RE)*D10G ((RETC (I+1) +DSGRT (RHTO {I+ 1) «#2

2-HIUTO(J)#%2) ) / (RHIG (1) +DSCET (DT)) )

DEN (J)==DEN{J) sLL1*2.
CCHPLIE EFROL 2ND ACCKUE FFECF SUMS

DERR (J) = {LeK (J) ~ONUNL (J) ) /CBUED (J)
LERRSC () =DERESY(J) +LELR (J) *DERR (J)
CERKA (J)=TERKA(J) +LEFE (J)
CCNTINUE .
WRITE (6,£5)J1%,dIY,Jd1X
FCRMAL (s 215)
IF{MFJEC.FAKYGC TC 18
WislTih (&,24) NPE
FORMAT (, 20U NUMEEE OF LATA POINTS =,13/)
WRITE (€, 2C) NP
FCRMAT (,29i MUNEER GF TAEULAR PCINTS =,1I3//)
ARITE (6,23)
PCRHAT(//181,1HZ,13X,3HNC3,12x,4HCN03,12X,NHDERR//)
M=N1-1
I[C 6 J=1,u1 ‘ .
F(NM.NE.MNH)KEITE(6,22)ZKH(J),DEN(J),CNUMD(J),DEBR(J)
FCRYAT (1CX,4D15.6) -
CCNTINUE
S NH=NH*Z
IF (ME EQC.MNM) NE=T
IF(NNEC.1YGL TO 8
JE(MM.EC.MMM)GC TO 18
CCNTINUE
IF(NN.E(C.2.ANC.MM.NE.KM®) GC 10 83
CCNTINUE
1P (NE.EC.EMM)GE TO 79
CCNTINUE
IF (Kk.NE.NKMM)GC TC 80O
WRITE (€,82)
FORUAT /8%, 1HZ, 10X, 10HYFAN ERROR,7X,5HSIGMA, 10X,5HSUMSQ,
11X, SESUY )

COMPUTE ETATISTICS FRON ACCRUED SUMS

LG 8C J=1,N1
DBEAKN (J)=TERRA1J) / (ME*1.)
SIGUA(J)=L3QRT (DERKSQ (3) / (MU*1.)~DMEAN (J) #*DMEAN (J) )
WRILE(6,87) ZKE (J) ,DMEAN(J) ,SIGHA(J), DERESC (J) ,DERRA (J).
FORMAT (SL15.6) :

CCNTINUE

CALL EXI1Y

END

SUBRCUIINE EBARAB (¥)

PARAB FIMS THE SECGMNL CSLEH IEAST SQUARES COFFFICIENTS
A,B, ANC C FQK INFUT VECTCES Z AND XN, USING M+1 SMOOTHING
ECINIS ' :
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Lo
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Loy G Wt

290

<17

2yz
2913
kL
‘-@_
<
297
2L E
2496
ic(
W1
2Ce
303
30K
30¢
(¢

. 307

JCE
309
31¢
311
31z
213
314
218
316
1%
318

H
s

o) e L
o BY o

W S s O &

ab

LS}

34:

344

'S
o (T

347
S4E
349

thLILIT FEAL®E (A-U,0-2)
CCaALN L(QUO),XL(QOOJ,a(4CC) E{400),C(400) ,XP (4) ,FNO(400),
1kLl(QCO),idk(QCO),IhC(QOO) EC ,XNO,RE, NP

[=M/2

Le 2 I=1,KP
1Z2=NF+1-1
k=1

11(1 Gl.L.ANC.I.LT. 12)& =I-1

IF (L.GE.I2)K=NE-H

LE=0.

7p=0.

2 38=0.

74B=0.

zip=0.

ZzNp=C.

k2=K+¥

EC 3 J=K,K2

PBE=¢B+Z () . !
Z2E=LZEAZ (J) #*: N
2IB=73B+2 (J) #33 - : ‘ '
ZUB=ZUB+Z (J) ¥*4 '
ZAB=ZNE+Z (J) ¥XN (J)
ZZNB=Z2MB+AN (J)* (2 (J)**2)

3 XRNE=XNE+XN(J) '
o=1
F1=X
SR
Y= (M*Z3IE-Z28%ZE) * (W*Z3B- ZE*Z&B)-{H*ZQE—ZZB**Z)*(N*Z2B za**z)
IF(CAES(Y).LT.1.D-40) A(J)=0. .
IF{LAES({Y).LT.1.D-40)G0 TC 1
A(Jd)=((M*ZNB~XNB*ZB) *(M*23E~ 23*423)-(m*zzua—xnﬁ*zzn)*(n*zzB ZB*
1) 7 ((M*23E~22B*2B)* (N*Z3E-~ 25*348}-(H*aQE Z4E**;)*(M*ZZB-ZB**2)J

1 [=a(J)

© YYsN¥Z2E-Zh%%2
IF(CRAES(YY) «LT. 1.0-4C) B(J)=0.
IF (DAES (YY) .LT.1.0-40) GC IC 11’ :
, E(J)={ (MAZNB- ZE*XNE)-(M*Z1E-Zk*223)*D)/(ﬂ*225 ZB*ZB)

11 E=B (J)}
C(J)={XNE-D*Z2E-E*ZB) /U
p=M1

2  CCNTINUE
EETUEN
ENXD
"SUBBCUTINE AIHCD(Ra}

ATHOD FINDS TEE O3 NUMBEE DENSITY AT ALTITUDE 2ZW FOR AN
ISCTHERMAL ATMCSPEERE HITH A SUPERPOSEL GAUSSIAN CURVE

a0 n

INPLICIT BEAL*E (A=H,C-2)

CCHHCH Z'{400) ,XN (800) ,4 (4CC) ,B (400) C(QGO) XE (4) ,FRQ(400) ,
1FCF (400) , 1uu(u00) 1NC(400) BC,XNO,RE, NP

E¥=6371. ES ' '

ZW=RK=-RE |

AP (2)=5. n10*DExP(-(2h-so £S)/4. 3HDS)+8 EB*DEXP( ((zu -83. 05)
1/5.DS) %4 2) S
RETUBB '

END
" SUBRCUTINE GAEXA (XX,GX,IEF)

IMPLICIT BEAL*E(A-H ,0-2)
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ELYs _ IF(XX=57.) 6,6,4
381 4 1ER=2 '
€2 GX=1.D7¢
3f: . BETURN
Sy 6 A=XX
b EF: ERE=1,0C~6
RISTH 1T48=0
35 GX=1.0
358 1E(X=4.C) 50,%5C,15
354 10 1F (4-2.C) 110,110,15
3og 15 X=%-1.0
Nl i GAEG XY X
362 ce e 1C
e 50 L¥F (X=1.) €0,120,110
o 60 1k (A-kLE)Y 62,€z,8C
3¢¢ 62 Y=FLCAT (IDIKT {X)) =X
Juc - 1L (LAES (Y)-FRR) 130,130,¢€4
jo ol IV (1.-Y=-EGR) 130,130,70 .
368 70 JE(X-1.) 60,&C,110 )
ee §C GX=Gaz)
370 _ X=x+1.
371 GC TC 7¢
37: 110 Y=x-1.
373 GY=1.0+Y? (=0.5771017+Y% {0, 9658540+Y# (-0,8764Z 18+Y*(0.8328212+
374 1Y#(-0.5€E4729+Y* (C.ZE48205+4Y* (=0.05149930)))))))
37¢ GX=GX*GY
370 120 FETUEN
377 13¢ IER=1
i7s FETUGN
1€ EnD :
~TsC FUNCTICK ECFN (V,X)
381 INPLICIT FCAL*E (A-#,C-2)
kP SLRTPI=1.77Z45265C5CE5
& SCHTIZ=1.41421356237309
334 FACTI=Z2, 4% (=, 53V=-_5) #SQRTEI*CEXP (~ . 25%X*X)
3EE CALL GANFA{.5%V+1.,G2M1,1EF)
386 CALL CANMFA{.S*V+,5,GAN2,IER)
3387 FACZ=CFEHC (. S52V+.5,.5,.5¢X*X) /GANT-SQURT2%X*CFHG {.5%V+
Jét 110 ,1.5,.5%4% %) GAN2
38% ECFN=FAC1#FAC?2
39¢C FETURN
391 END
392 FUNCTICDM CFHG (2,C,X)
392 14FLICIT ELAL*E(A-H 0-2)
394 SUE=1.
39¢ TeRG=1.
ice £=1.
g7 1 TERM=TELK*X* (A+5-1. )/(S*(C+<—1 ))
ise SUM=SULE+TERE
396 5=5+1,
4ce IF (SUNLEC.0.)GC TC 1
401 TE{LAES (TERN/SUN) cn..occc1) GC TO 1
40z CFIG=SUF
403 -~ BETUGN
4ce END
“F FILE
'
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S3LIST TLNP

=
—Y N
LR - TRV B« ATV I N R W —J FPRL SR

=
[

13
14
15
16.
17

MO CF FILE

«620
« 170

7.8C=19 .-

4,7¢r-19
3.30D-19
1. 10L-18
3.9Cb-18
B.00L0-18
1.200-17
9.80L-18

5.0CC-18
1.90L-13

3.20C-18

«020 0zt

.67C .CY0
740
<« 14Q

.033 .C30

. 740

.C28

.SCD-19 7.00L-19
4.30D-19  3.80D-19
3.6(p-19 4.30C-19
1.4CD=18 1.80C<18
4,5Cb=18 5.20L-18
9.0GD-18 1.00B-17

S 1.150=-17  1.10L-17
9,60D-18 B8.20C-18
4.5CD-18 4.00C-18

1.5CPb-18 1.200-18

02z L024 .026 .C30
.CSC .100 ,130 .160
<HUC .94C .9¢C1.0C(
.68C .640 .600 .500
.120 .100..08C .C60

.025 .023 .020

- 88

.C35
.200
<SEQ
<400
.C5¢

6.50D-19
3.4CD-19
5.20D0~19
2.2CD-18
5.80D-18
1.010-17
1.08D-17
7.66D-18

3.40D-18

¢.C(D~19

~04C
. 260
-940
L] 360

5.80L-19
3.205=-19
6. 60.0"'19

6.60C-18
1.10D-17

-1.05D-17
6.8CD-18
'2.70D-18
- 7.60D-19

.048 .C55

2360 . 420

LBEC LEUO

+300 <240

L0642 040 037
¥

S.20D-19
3,20D-19
8.80D- 19
3.200-18
7.40D-18
1.20D0-17
1.00D- 17
6.00D-18
Z.30D-18
5.40D=-19

060
0520
.800
« 200
-035



Part I: Line numbers 1-61

data are read.

Nolation
SIT
XNOO3
ZWO0O
SHOO
VM
WLO
TF |

FOO

RE
HO, HP
XNO

NP

NPP, NPH

HDP

NN
NH

In this part, the initial parameter values are set and the input

[}

un

O3 scale height for an isothermal atmosphere, in cm
O, number density at Gaussian peak, in molecule:s/cm3
altitude of Gaussian peak, in cm
half -depth of Gaussian 1ay|er, in cm
visual magnitude of star |
reference wavelength for stellar spectrum, in cm

effective blackbody stellar temperature, in °K

adjusting factor for obtaining a desired fictitious count

rate at the top of the scan

mean radius of the earth, in cm

base height of the 03 profile, in cm

O3 number density at the base height in molecules/ cm3
number of points in a formulated table of normalized signal
intensity v. column density. Note: column density = mass of
species ina 1 cm2 channel centered on the stellar ray, also
called the total, or integrated, number density

number of data points in the profile

halfste;psize for computing O3 densities in an exponential |
atmosphere, in cm |
switch for introducing-random error into the signal intensity
stepsize for computing O, number density, in number of .data

peoint intervals skipped

B9



MM’, MMM test for selecting one of three paths (see program comments)

SG | = _03 absorption cross sectional values, in cmz; the values
are listed at the end of the program

WL = wavelength, in cm |

FILT

normalized values of S2F5 filter transmissgion;- the values
. _are listed at the end of the program
F10 = stellar spectral intensity, in digital voltmeter counts {time

interval
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Part II:

Line numbers 61.1 - 99

A table of normalized signal intensity v. column density is

formed in the same way as for O2 (p. 10 of O2 notes). The reference

height is now 50 Km.

In addition, a representation of the mesospheric O3 peak is

obtained by use of the Weber cylinder function. To avoid data roughness

at the altitudinal limits of the superposed Gaussian curve, the cylinder

function is forced between 40 Km and. 130 Km.,

Notation

SUN

HD

IHO

RO

ZQ

TT, TWW

VB

integration factor, or the integrate;d stellar speé_tral intex:xsity;

in counts/time interval

stepsize for altitude of the ray's tangent point used in the
calculation of column density, in cm

counter and altitude setter; in lines 90-91 it is used to arbitratily
reduce the column density to near zero atl the upper end of the scan
distance from the center of the earth to the ray's tangent point,

in cm

altitude of the ray's ta'ngent point, in cm’

colurﬁn density for the table, computed af altitude ZQ, in em?

parameter for Weber cylinder function

Cl,_CYLl,‘CYLZ = parameters for column density in Gaussian superimposed.

TTG
TNOX

SUM

FNO

curve
3

column density in Gaussiaﬁ contribution, in molecules/cm
total column density, in molecules/ cm®
filtered signal intensity integrai:ed over wavelength, in counts/
time interval

integrated, normalized signal intensity corresponding to TT

in the table
91



Part 111: Line numbers 100 - 181
This part is essentially unchanged from the O2 program,
A signal is computed from

-¢(MA

f-r(n I (e o\ [fh-r(a) I, l(:\) o(x];')

Whlch has the Gaussian superimposed column den51t1es incorporated in "N"

If the signal is scattered a Poisson distribution is avaﬂable at the lower end

of the scan (0 1 < I < 10.) If the signal intensity is less than 0.1, the scattering
is bypassed.. ' ‘
'.Notation

Jiz, JIZMAX = . loop counter and its limiting value for no scattering caser

FOF

'u

snnulated (measured) signal intensity, in counts [time interval

JIX loop counter for MM scattering cases with a specific data

‘ p_oint spacing . o
. IX, JX, AM, P, SD, V, N, NMAX, U,D = GAUSS and RANDU subroutine

- arguments; Poisson parameters as in ()2 program
JI¥,JIYMAX = loop counter and its limiting value for a scattering case

- with variable data-point spacing
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Part 1V: Line numbers 182 - 245
" The procedure and notation are identical to those used in the 02
error analysis. However, subroutine ATMOD yields the model 03 through

solution of the expression

M (0,) = ' exe [(A-R) [ ] ¢ ' exe[- (h-R) /]

i

where

n = nqmber density, in molecules/cmS ,

n* = number density at a reference altitude, in molecules/ cms

h = altitude, in cm

h* = reference altitude, in cm

H = scale height of 03, inem

n' = 03 number density at Gaussian peak; in I'm:xlt‘-.'c1..110.=:s/c:rn3

- h' = altitude of Gaussian peak, in cm

H'= half-depth of Gaussian layer, in cm

Numerical values are inserted into ATMOD for the above
parameters,
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Part V: Line numbers 246 --283
Temperature computations are omitted,
1f multiple cases are being handled, the mean and standard

deviation are computed for the error at each altitude level.

Notation

MM, MMM = number of cases for error statistics

DMEAN = ‘mean error in number density, in percent

SIGMA - one standard deviation of number density error, in percent
' ]
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Part VI: Line numbers 1 - 17

03 cross sectional values are listed row by row at an interval

o
of 20 A (lines 1 - 11),
' SZF5 filter transmission values, adjusted to a maximum value

of 1,0, are also listed at the same wavelength interval (lines 12 - 17).
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Appendix IV. O'rbifal Errors

| The effects of the uncertainty in satellite position have been
traced by i.mposi.,ng small input errors upon the sat’eliite coordinat_es -an.d |
mapping the éyror departures of the ray tangent point. The symbols used
are as in Section 3, Se.ct‘ion 3, with the addition of star-superscripts to
denocte reference, or zero -error quantities. A special case is assumed,
for convenience, which places the spacecraft and the stellar ray‘in the
equatorial piané, and the source star at th¢ First Poi_nt of Aries in the
same plane. .

Tangent ray errors are shown in Figures 1-4 which have
distance srcale's on the abscissae {o supplement deg.re'e' indicators of lohgi'-
tude and 1ati-tu'dé.i" They disclose that altitude errors in tangent ray point
nea'rly match vertical satellite displacements; they amount to a few meters
when a satellite is displaced latitudinally 10 Km; and they reach magni-
tudes of a few Kﬁl when a satellite is displaced longitudinally 10 Km.
Thus, as expecte-d the tangént ray heights are quite sensitive to the longi-

tudinal accuracy of spacecraft positioning.
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hs= 200 KM

hg = 500 KM

4+ hs = 1000 KM
hs = 2000 KM
. 3-—
2__.

o ra (KM)

Figure 1. Tangent ray height error as a function of

- satellite height crror and altitude,
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hs =2000 KM I

hg. =1000 KM

. ] : ! 1 | | 1 !
~10 -8 -6 -4 -2 o 2 4 .6 .8 1O A¢(DEG)
-1 ] 1 ' | ] | | 1 | t
—ioo 50 0 50 100 (KM)

Figure 2. Tangenl ray height error as a function

of satellite latitude error.



66

hg= 2000 KM

he =100 KM
hs =500 KM
"'hs=300 KM

I_ —_—
L0 Ads (DG)

-1601

-100

Figure 3.

!
-50 . ) 50 100 (KM}

Tangent point longitude error as a function
of satellite longitude error,



001

hg =2000 KN - god

hs = 1000 KM

-

L0
A)g (DEG)

) 1
- =100 -0 _ 0 : 50 100 KM

Figure 4. Satellite tangent ray height error as a

function of satellite longitude error.



AP;PENDIX V.
Stellar Occultation Measurements of Molecular

Oxygen in the Lower Thermosphere

101



L.

Planet, Space Sci. 1973, Vol. 21, pp. 339 to 348, Pergumon Preas. Prinicd in Northern Ircland

STELLAR OCCULTATION MEASUREMENTS OF MOLECULAR
OXYGEN IN THE LOWER THERMOSPHERE

P, B. HAYS i
Departments of Aerospace Enginecring, Meteorology and Oceanography, University of
Mﬁﬁgm. Ann Arbor, Michigan 48105, U.S.A. *

and

R. G. ROBLE
Natiopal Center for Atmospheric Research, Boulder, Colorado 80302, U.5.A,

{Received in final form 8 August 1972)

Abstract—Stellar ultraviolet light near 1500 A is attenuated in the Earth’s upper atmosphere
due to strong absorption in the Schumann-Runge continuum of meolecular oxygen. The
intensity of stars in the Schumann-Runge continuum region has been monitored by the
University of Wisconsin stellar photometers aboard the OAO-2 satellite during occultation
of the star by the Earth's atmosphere. These data have been used to determine the molecular
oxygen number density profile at the occultation tangent point. The results of 14 stellar
oceultations obtained in low and middle latitudes are presented giving the night-time vertical
number density profile of molecular oxygen in the 140-200 kmregion. In general, the measured
molecular oxygen number densig js ‘about a factor of 2 lower than the number densities
predicted by the CIRA4 1965 model. Also, the number density at.a given height appears to
decrease with decreasing solar activity. Measurements taken at low latitudes during the
August 1970 geomagnetic storm showed a decrease in the molecular oxygen number density

at a given height several days after the peak of the storm followed by a slow recovery to
pre-storm densitics. .
1. INTRODUCTION
_The first attempt at determining the molecular oxygen concentration in the upper

atmosphere by u.v. absorption spectroscopy was made on a V-2 rocket experiment in 1949
(Friedman et al., 1951). The molecular oxygen concentration was obtained from the
solar u.v. absorption measurements made at various altitudes by a spectrometer aboard the
rocket. Since then, numerous rocket flights have been made to examine the molecular
oxygen distribution and its variations, in addition to determining the u.v. spectra of the
Sun (Byram et al., 1955; Kupperian ef al., 1959; Jursa et al., 1963; Hall ef al., 1963;
Hinteregger et al., 1965; Week and Smith, 1968; Opal and Moos, 1969; Quessette, 1970;
Brannon and Hoffman, 1971). '

The molecular oxygen distribution in the altitude range 100-200 km has also been deter-
mined from mass spectroscopic measurements (Schaefer and Nichols, 1964; Nier et al.,
1964; Hedin and Nier, 1966; Schaefer, 1968; Krankowsky et al., 1968; .von Zahn and
Gross, 1969). In addition to molecular oxygen, the other major and minor constituents of
the upper atmosphere are likewise determined as a function of altitude during the rocket
flight. . '

More recently, satellites have been used to determine the properties of the upper at-
mosphere from u.v. absorption measurements. The satellites have monitored the attenua-
tion of solar w.v. radiation in various isolated wavelength intervals during occultation
at orbital sunris¢ and sunset. These data have been used to retrieve the neutral air density
(Thomas et al., 1965; Kreplin, 1965; Venables, 1967; Landin et al., 1965; Landin ef a/.,
1967) and the molecular oxygen distribution in the lower thermosphere (Thomas and Nor-
ton, 1967; Norton and Warnock, 1968; Link, 1969; Stewart and Wildman, 1969; Lockey

339 :



340 : P. B. HAYS and R. G. ROBLE

et al., 1969; Reid and Withbroe, 1970; May, 1971; Roble and Norton, 1972). These
measurements, however, are limited only to sunrise and sunset.

Hays and Roble (1968a) suggested that u.v. stars may be used as source for occultation
measurements to determine the night-time distribution of molecular oxygen and ozone in
the lower thermosphere and upper mesosphere. Their calculations showed that in the $pec-
tral region near 1500 A attenuation is primarily due to absorption by molecular oxygen, and
that Rayleigh scattering and absorption by other minor constituents can be neglected.

During the past few years, we have used the Orbiting Astronomical Observatory (OAO-
2) to obtain u.v. stellar occultation data in various spectral intervals. These data have been
used to obtain the night-time molecular oxygen number density and neutral gas temperature
in the lower thermosphere from about 140-200 km. The purpose of this paper is to describe
the experimental technique and discuss the results which were obtained during quiet and
disturbed geomagnetic conditions.

2. EXPERIMENTAL TECHNIQUE

The general details of the stellar occultation technique (Fig. 1) have been described by
Hays and Roble (1968a, b), Hays er al. (1972) and Roble and Hays (1972). Here we
describe the specifics of the occultation measurements made by the OAO-2 satellite.

F1G. 1. GEOMETRY OF STELLAR OCCULTATION, F, = r,.

The OAO-2 satellite has one 16 in. dia u.v. telescope, four 8 in. dia u.v. telescopes, and
an u.v. spectrometer having a resolution of approximately 5 A. The University of Wis-
consin optical package, used in conjunction with the telescopes, consists of a series of w.v.
filters which are used for stellar photometry. Filter (4-1) shown in Fig. 2 has a broadband
transmission function centered near 1450 A in the Schumann continuum region of molecular
oxygen. This filter was used to obtain the molecular oxygen distributions from the stellar
occultation measurements. The detection systems of the u.v. telescopes have a variable time
integration range. The data shown in Fig. 4, which is typical of the high data rate occulta-
tion scans, has approximately a 1+5 km altitude resolution between data points.

Prior to occultation of the star by the Earth, an unattenuated u.v. spectrum of the
star is obtained from the spectrometer. As an example, the spectrum for a typical bright
u.v. star is shown in Fig. 3 for the wavelength region of the molecular oxygen u.v. filter.
Although only a measurement of the relative change of the u.v. stellar intensity is required
during occultation (Hays and Roble, 1968a), the spectral distribution of the star’s energy
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fiux is required to determine the transmission through the broadband filter. Thus, a detailed
stellar spectrum covering the spectral passband of the filter is necessary for data reduction.

A schematic diagram of an occultation of a star by the Earth is shown in Fig. 1. The
satellite acquires the star in its telescopes prior to occultation above the absorbing atmos-
phere. As the satellite moves in its orbit, the source is ultimately occulted by the Earth’s
atmosphere and the geometry at two satellite positions is illustrated schematically in Fig. 1.
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‘The intensity of the star is measured as a function of time during occultation by the Earth,
By knowing the satellite position as a function of time and the star’s position, we can relate
the star’s intensity to the tangent ray height of the star during occultation. By also knowing
the position of the star, satellite, and the time, we obtain from geometry the geographic
position of the tangent ray point. ) '

The intensity data are normalized to the intensity of the star above the atmosphere and

the normalized data are related to the tangential column number density of the absorbing

species, here O,, by the integral relationships expressing Beer's law

Il = “‘Dw T o () exp (— 0, (AWNo,(r) dl}[ fo T M d).}_l a

where from the geometry in Fig. 1, assuming a spherically stratified atmosphere
“ no,(r)rdr

) \/rg--r,a'

Here I(r,) is the photometer count rate at tangent ray height r, and I, is the photometer
count rate of the stellar signal above the atmosphere. T(4)is the filter transmission and 7, ()
is the intensity of the star at wavelength A above the atmosphere determined by the spectrom-
eter; op,(4) is the absorption cross-section of molecular oxygen shown in Fig. 2 (Ditchburn
and Young, 1962; Hudson ef al., 1969; Ackerman, 1970) and Ny (») is the tangential
column number density of molecular oxygen at tangent ray radius r,; and ng (r) is the local
number density at the radius . :

Molecular oxygen is the sole absorbing species in the wavelength interval determined by
filter 4-1, therefore the normalized intensity data are converted to tangential column num-
ber density data using Equation (I). The basic measurements are thus converted to data
giving the tangential column number density of molecular oxygen as a function of tangent
ray height. Equation (2) for the tangential column number density is the Abel integral

Nour) =2 @
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equation (cf. Hays and Roble, 1968a, b) which is inverted to obtain the local number
density at the tangent ray point assuming spherical symmetry,

o) = 2{[° L N___tg’id:;} .

2w dr
The actual numerical techniques for accomplishing this inversion are described in detail
in a paper by Roble and Hays (1972).
The neutral gas temperature is derived by assuming diffusive equilibrium above 130 km
for the O, number density. Thus,

3)

To,(r) = kr::hr) f g(r"o, () dr’ )

where m,, is the mass of molecular oxygen, k is Boltzmann's constant, and g is the ac-
celeration of gravity.

3. RESULTS

A relatively large number of absorption profiles were obtained during the time period
extending from January 1970 to August 1971. Of these, command erfors and tracking
errors have caused serious question about many profiles. The final result of carefully
selecting only those profiles where altitude is accurately known and where there are no
command interrupts during the occultation yields 14 useful occultations. Of these, ap-
proximately 6 are in geomagnetically quiet periods and one series of 8 profiles was obtained
during the magnetic storm of August 1970. Almost all of these profiles were obtained in low
latitudes due to the low inclination of the orbital plane of the OAO-2 satellite. In addition
to the molecular oxygen occultation scans, measurements were also made with a filter located
in the Hartley continuum of ozone. (Filters 2-5 and 3-2 shown in Fig. 2). A single night-
time ozone number density profile was presented by Hays et al. (1973) and the results of the
other scans are presented by Hays and Roble (1973). :

(a) Molecular oxygen profiles during geomagnetically quiet periods

The geographic position, date, and local time of all of the scans analyzed are given in
Table 1. Six of these were taken during geomagnetically quiet conditions. The normalized
intensity measurements obtained on orbit 8884 on 17 August 1970 are shown in Fig. 4a.
In Figs. 4b and 4c the retrieved molecular oxygen number density and temperature are
shown and they are compared with CIRA4 1965 (model 3, 06:00 hr.). In general, the re-
trieved molecular oxygen number density distribution in the 140-180 km region is about
a factor of two lower than the number densities predicted by the C/RA 1965 model at-
mosphere at the same local time as the measurements. The composite of all of our quiet
time data is shown in Fig. 5 along with the results of Krankowsky et al. (1968), Weeks and
Smith (1968), and Roble and Norton (1972). The envelope encompassing the ozone num-
ber density profiles obtained from Hays and Roble (1972) and the molecular oxygen number
density given by the-mean CIRA 1965 atmosphere are also shown. The small number of
stellar occultation profiles makes detailed seasonal variations difficult to discern, How-
ever, there does appear to be a marked decrease in the molecular oxygen number density
corresponding to the decrease in solar activity during the period from the beginning of 1970
to late 1971. The monthly mean of the solar F10-7 flux during this period decreased from
153 to 120 (x 10"#)W cm~2, The daily solar F10-7 emission for each of the individual
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. TABLE 1
) Daily solar
Universal time Local time Long.* Lat.  F10-7 emission
Orbit Date (hr) {min) (hr)  (min) - (deg) (deg) (10~ Wcem™*)
5778 1/13/70 5 28 23 52 —B4 48 i729
BRR4  B[17{70 4 55 5 55 15 4 1516
8898  §f18{70 4 19 3 51 23 9 1490
8913 8{19/70 5 22 5 54 8 11 1454
8942  8/21/70 5 55 4 27 —22 24 142-8
£943 8/21/70 7 35 4 23 —48 24 1428
8057 8122170 6 58 4 22 -39 25 141-7
8971 8/23/70 - 6 20 4 44 —24 27 146:2
8985 8/24/70 5 45 4 13 =23 24 140-2
8986  8/24/70 7 25 4 13 —48 24 1402
9000  Bf25(710° 6 47 5 17 —-32 27 136-5
- 10902 1/ 471 13 29 22 38 -223 —16 140-2
11795 3 7711 15 59 0 33 128 —34 105-2
14580 91771 6 22 1 50 —68 26 1165
* Measured positive eastward from Greenwich.
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scans are given in Table 1. The apparent decrease in the thermospheric molecular oxygen at
a fixed height probably implies that there is a general decrease in the altitude of the con-
stant pressure surface at the base of the thermosphere as well as a decrease in the thermo-
spheric temperature. This suggests a solar cycle influence in the lower thermosphere.

(b) Molecular oxygen profiles during geomagnetically disturbed periods

A series of observations was obtained during the magnetically disturbed period at the

4

and of August 1970. These data are presented in Fig. 6 where density and temperature at
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fixed heights are shown as a function of time. For comparison, we show the daily sum of
magnetic K, index on this same figure and give the latitude and longitude of the tangent
ray point and local time of each occultation scan in Table 1. We note the marked decrease
in the molecular oxygen number density following the storm at a time when the temperature
was significantly enhanced. This is obviously in disagreement with the concept of a diffu-
sively stable atmosphere. The decrease in the molecular oxygen density is apparently due to
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Fi16. 6. MOLECULAR OXYGEN DEMSITY AND TEMPERATURE VARIATIONS DURING THE MAGNETIC
STORM OF Aucust 1970.

the existence of a global-scale circulation system which upwells over the polar regions
and subsides in the equatorial zone. Such a large horizontal scale overturning causes air
with more atomic than molecular oxygen to move downward over the equator resulting in 2
change in the composition of the lower thermosphere. This result is consistent with the
observation that energy deposited in the polar thermosphere is redistributed globally
resulting in a global thermospheric temperature enhancement at low latitudes following a
large magnetic storm (Hays er al., 1972b). The daily solar F10-7 emission for the days on
which occultation scans were made is given in Table 1. During the period the daily solar
F10-7 emission decreased from 1516 to 1365 (x 10~22 W cm~2), However, the molecular
oxygen number density during this period first decreased, but then returned to pre-storm
levels several days after the storm. This behavior also suggests an atmospheric response
different from that expected from short term solar e.u.v. changes.
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4. SUMMARY

The stellar occultation technique for measuring molecular oxygen in the Earth’s thermos-
phere has demonstrated the following general behavior: (a) Thermospheric molecular
oxygen decreases with decreasing solar activity. This may result from a general cooling of
the lower thermosphere in addition to the cooling observed in the upper thermosphere.

(b) Magnetic storms result in strong global circulation systems which upwell in the polar
regions and sink in equatorial regions. This results in a temporary decrease in the molecular
" constituents in the equatorial thermosphere, :
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Abstract—Stellar ultraviolet light near 2500 A is attenuated in the Earth’s upper atmosphere
due to strong absorption in the Hartley continuum of ozone. The intensity of stars in the
Hartley continuum region has been monitored by the University of Wisconsin stellar photom-
eters aboard the OAQ-2 satellite during occultation of the star by the Earth’s atmosphere.
These data have been used to determine the ozone number density profile at the occuitation
tangent point. The results of approximately 12 stellar occultations, obtained in low latitudes,
are presented, giving the nighttime vertical number density profile of ozone in the 60- to 100-km
region. The nighttime ozone number density has a bulge in its vertical profile with a peak
of 1 to 2 x 10°cm~ at approximately 83 km and a minimum near 75 km. The shape of
the bulge in the ozone number density profile shows considerable variability with no apparent
seasonal or solar cycle change. The ozone profiles obtained during a geomagnetic storm showed
little variation at low latitudes. ) '

1. INTRODUCTION

The first measurement of the ozone concentration in the upper atmosphere was made
by Johnson et al. (1951) using u.v. absorption spectroscopy. The ozone number density
distribution was determined from the u.v. absorption measurements made at various
altitudes by a spectrometer aboard a rocket. Since then daytime measurements of the
ozone number density distribution have been made from rockets using the Sun as the u.v.
source (Van Allen and Hopfield, 1952; Johnson et al., 1952; L'vova et al., 1964;
Poloskov et al:, 1966; Nagata et al., 1967, Weeks and Smith, 1968; Krueger, 1969)
and nighttime measurements have been made using the Moon as a source of u.v. light
(Carver et al., 1967; Carver er al., 1972). The high altitude ozone number density
distribution has also been determined from solar occultation measurements made from a
satellite (Rawcliffe. et al., 1963; Miller and Stewart, 1965). These measurements have
determined the ozone number density up to an altitude of about 70 km.

Several other techniques have been used to obtain the ozone number density distribution
in the upper atmosphere which include (a) sateliite eclipse photometry (Venkateswaren
et al., 1961; Fesenkov, 1967), (b) nighttime airglow spectral photometry (Reed, 1968),
(c) spectral analysis of backscattered solar radiation as observed from a satellite (Rawcliffe
and Elliot, 1966; Anderson ef al., 1969), (d) chemi-luminescent ozone sondes (Hilsenrath,
1971) and (e) rocket and ground based observations of the molecular oxygen emission
0,(1Ag) at 1-27 s (Evans and Llewellyn, 1970; 1972; Evans et al., 1970). In the latter
technigue, the ozone number density profile is calculated from the measured altitude
profiles of the O,(*Ag) emission at 1-27 4 using photochemical theory. Their results give
the ozone number density profile at twilight up to 100 km and preliminary observations
indicate a strong seasonal variation of the upper ozone layer at high latitudes. The peak
ozone number density at 85 km varied between 1-3 X 108 cm™3 in midwinter to less than
0-3 x 10% cm~ in midsummer.
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Hays and Roble (1968a) suggested that the nighttime distribution of ozone in the
upper mesosphere may be obtained from satellite measurements of the intensity of u.v.
stars during occultation by the Earth’s atmosphere. During the past few years, we have
used the Orbiting Astronomical Observatory {(OAQ-2) to obtain u.v. stellar occultation
data in various spectral regions. The data from the u.v. filters centered at 2390 and 2460 A
have been used to obtain the nighttime ozone number density distribution from 60 to
100 km at low latitudes. In this paper we describe the experimental technique and present
the results which were obtained during quiet and disturbed geomagnetic conditions.
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Dashed curves are the OAO-2 stellar photometer filter transmission curves used in this study.

2. EXPERIMENTAL TECHNIQUE

The general details of the stellar occultation technique have been described by Hays

“and Roble (1968a, b; 1972), Hays et al. (1972) and Roble and Hays (1972). Here we

describe the specifics of the occultation measurements made by the OAO-2 satellite as
they apply to the determination of the nighttime ozone number density.

The OAO-2 satellite has one 16 in.-dia u.v. telescope and four 8 in.-dia w.v. telescopes
and an u.v. spectrometer having a resolution of approximately 5 A. Filter 2-5 and 3-2
shown in Fig. 1, are the two filters in the University of Wisconsin optical package that
are used for the ozone stellar occultation measurements. The transmission function of
these filters is located in the Hartley continuum of ozone ( Fig. 1) with the peak trans-
mission at 2380 and 2460 A, The detection systems of the w.v. telescope have a maximum
data acquisition rate of § sec time integration resulting in a high altitude resolution at
the tangent point. The intensity data are obtained as a function of time, and by knowing
the star’s position is orbital elements of the satellite, we can relate the intensity to the
tangent ray heights during occultation by the Earth’s atmosphere. Figure 2 shows the
normalized intensity data as a function of tangent ray height for a typical occultation
scan. Hays and Roble (1972) describe the technique used to relate the normalized intensity
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data to the tangential column number density of the absorbing species along the ray
path. This technique allows for the broadband characteristics of the u.v. transmission
function and can be used as long as absorption is due to a single species. Hays and
Roble (1968b) have calculated the w.v. transmission of the Earth’s upper atmosphere
and have shown that the stellar light in the wavelength regions covered by the filter
transmission functions, shown in Fig. 1, is primarily absorbed by ozone. However, at
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FIG 2. NORMAIJZED INTENSITY PROFILE FOR A TYPICAL OZONE OCCULTATION.

altitudes below about 70 km the stellar ultraviolet light is also absorbed by molecular
oxygen in the Herzberg continuum. The absorption contribution in the Herzberg
continuum is calculated using the molecular oxygen number density distribution obtained
from the CIRA 1965 model atmosphere. This absorption contribution is removed from
the stellar intensity data and the corrected normalized intensity is related to the ozone
tangential column number density (Hays and Roble, 1972). Once the tangential column
number density is known as a function of the tangent ray height, the data are inverted,
using the technique described by Roble and Hays (1972), to obtain the local number
density at the tangent ray point.

3, RESULTS

Stellar occultatlon measurements using the two filters centered in the Hartley continuum
of ozone were made during the period extending from January 1970 through August 1971.
From these data we have obtained 12 orbits on which one or both of the filters could be
used to determine the ozone demsity in the mesosphere. These results, corrected for
molecular oxygen absorptionin the Herzberg continuum, and rayleigh scattering are presented
in Figs. 3-5 where four separate profiles are illustrated in each figure. According to the
analysis of Roble and Hays (1972), the ozone number density is best retrieved from the
occultation data between tangent ray heights of 55 to 95 km. "The retrieved ozone number
density data above and below this altitude interval are less reliable.
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A careful examination of these ozone profiles in the mesosphere does not show any
striking systematic seasonal or diurnal pattern in the equatorial regions. There does
appear to be a systematic increase in the altitude of the high altitude ozone bulge with
increasing latitude. However, due to the small number of scans, which were made at
nearly random local time, season, and latitude, it is difficult to place great weight on the
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slight variations observed. The major conclusion is that ozone varies very little between
55 and 100 km during the course of the night at low latitudes. The main feature is the
expected bulge in density which occurs at approximately 85km and the depletion of
ozone just below that altitude. This behavior is predicted by most recent theoretical
studies which incorporate the hydrogen chemistry in their model.

Numerous theoretical studies of the chemistry of ozone in a moist atmosphere have
followed the early discussion of Bates and Nicolet (1950) of the influence of hydrogen
compounds (Hampson, 1964; Hunt, 1966a; Hunt, 1966b; Hesstvedt, 1968; Leovy, 1969;
Bowman et al., 1970; Hunt, 1971; Shimazaki and Laird, 1972; Strobel, 1972). The
result of these studies is somewhat confusing due to the large number of choices of possible
rate coefficients, photodissociation rates, boundary conditions, and eddy mixing rates
used by these authors. The theoretical results do indicate the general features observed
in the OAQ-2-A2 stellar occultation measurement. This is iliustrated in Fig. 6 where
three representative theoretical profiles (Hesstvedt, 1968 ; Shimazaki and Laird, 1970; Hunt, '
1971) are compared with our envelope curve. Hunt (1971) appears to agree best with
the observations, but it is difficult to assess whether this is fortuitous or the result of a
correct choice of the multitude of possible variable factors.
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It should be pointed out that during the period of time in which these observations
were taken one series of measurements was made while the large magnetic storm of August
1970 was in progress. There does not appear to be any significant correlation between
the ozone density in the mesosphere and storm in agreement with the prediction of Maeda
and Aiken (1968). This is not surprising, but relatively large variation in O, at higher
altitudes was observed (FHays and Roble, 1972) at the same time.

‘ SUMMARY
The stellar occultation measurements of ozone in the mesosphere indicate the following
conclusions:

1. Mesospheric ozone varies by as much as a factor of 4 at high altitudes, but does
not show any clear seasonal or diurnal nighttime pattern. A slight increase in
the altitude of the 85 km bulge appears to be associated with increasing latitude.

2, The observations are generally in agreement with results of theoretical predictions

which utilize a moist atmosphere in which hydrogen compounds are considered
in the chemistry,

3. There is no apparent relationship between mesospheric ozone and geomagnetic
activity at low latitudes.
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ABSTRACT

The intensity of stars at wavelengths in the Hartley continuum
region oflozone has been monitored by the University of Wisconsin
stellar photometers aboard the 0AO-2 satellite during occultation of
the star by the earth's atmosphere. These occultation data have been‘
used to determine the ozone number demsity pfofile at the occultation
tangent point. The nighttime ozone number density profile has a
bulge in its verticél profile with a peak of 1 to 3x10Pcm™® at
approximately 83 km and a minimum near 75 km. The ozone number
density at high altitudes varies by as much as 2 factor of 4, but
does not show any clear seasonal variation or nighttime variation.
The retrieved ozone number density profiles define a data emvelope
that is compared with other nighttime observations of the ozone
number density profile and also the results of.theoretical models.

Calculations aré also presented that illustrate the difference
in retriéving the bulge in the ozone number density profile from

stellar and solar occultation data.
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1. Introduction

Stellar intensity measurements, in certain ultraviolet atmos-
pheric absorpfion bands, made by a satellite during occultation of
the star by the earth's atmdsphere, can be used to obtain the iocal
number density of the absorbing species at thé occultation tangent
point (Hays and Roble, 1968a;b), During the pést few years the
Orbiting Astronomical Observatory (0AO-2) has been'used to make
these occultation intensity measurements uéing bright ultraviolet
-.stars tHays; et al., 1972). The occultation technique is based on
élassical uitraviolet.absorption spectroscopy. .The star is the
source of,ultraviolet light and ;he stellar photémeﬁers aboard the
0AQ-2 saﬁellite are the detectors. The atmosphere between the star
and the defeefors acts as the absorption cell, During the occulta-
tion process, the stellar light passes through progressively denser
regions of the atmosphere and the ultraviolet light is absorbed due
to the sﬁrong absorption features of certain atmosphéric gaseg, The
basic measurément is thus the stellar intensity as a function of
time, but by knowing the star's position and the satellite orbital
elements, the intensity is related to the tangent ray height of the
" occulting star. If absorption is due to a single species, the
normalized stéllar intensity is‘directly related to the tangential
column number density of the absorbing spécies through Beer's Law

(Hays and Roble, 1972a). The data giving the tangential column
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number density as a function of tangent ray height are d;rectly
inverted, using the technique described by Roble and Hays (1972)

to obtain the local number density profile of the absorbing species
at the occultation tangent point.

Occultation measurements made in the Schumann - Runge continuum
of molecular oxygen near 1500 Z have been used to obtain the
molecular oxygen number density profile in the lower thermosphere.
These measurements have been discussed by Hays and Roble (1972a).
The nighttime number density profile of ozome in the mesosphere has
also been determined from stellar intensity measurements made in the
Hartley continuum region of ozone near 2500 Z. The results of these
measurements are discussed by Hays and Roble (1972b).

In this paper, we compare the results of the QAO-2 ozone
meagurements with theory and other nighttime ozone measurements, We
also present the results of a single occultation scan and discuss

the difference in retrieving the ozone number density bulge near

80 km from solar and stellar occultation data.
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2, Stellar occﬁltatioa scan

The ozone and molecular oxygen absorption cross sectioms and
the transmission function of the various ultraviolet filters used
with the-OAD—Z stellar photometers for the occultation measurements
are shown in Fig. 1. Filter (4-1) is located in the Schumamn -
Runge conﬁihﬁum region of molecular oxygen and is'ﬁsed to obtain
the molecuiar oxygen number density in the lower thermosphere.
Filters (é—S) and (3-2) are in the Hartley continuum region of
ozone and are used to obtain the ozone number deﬁsity profile in
the mesosphere. Filter (1-4) is used:to measure the ozone number
densgity in the stratosphere.

The résults presented in this paper were dete}mined from
occultation data obtained by the 0AO-2 stellar photometers using
filters (2-5) and (3-2). Hays and Roble (1968b) have shown that
stellar ultraviolet light.near 2500 A is primarily absorbed by
ozone in Eheléarth‘s atmosphere and stellar occultation measure-
ments within thig wavelength region can be used to obtain the
ozone number density profile in the 60 to 100 km altitude interval.
In the lower portion of the-altitude interval rayleigh scattering
and molecular oxygen absorption in the Hertzberg continuvum have
smali'contribﬁtions to the total attenuation. These contributions
‘are eliminafed from the data as discussed by Hays and Roble (1972a).

The intensity<spectfum of the star above the earth's atmosphere
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is measured by an ultraviolet spectrometer aboard the 0AO-2 satellite,
A typical star spectrum, obtained on orbit 12178 on April 3, 1971, is
shown in Fig. 2. The solar spectrum is also showm in Fig. 2 for
comparison; The normalized signal of this star, measured during
occultation using the OAO-2 stellar photometer with filter (3-2), is
shown in Fig. 3a. Below 100 km the signal decreases due to absorption
by ozone. The decrease in the signal continues until an altitude of
about 83 km, then a slight increase in the signal occurs reaching a
maximuﬁ around 75 km. Below 75 km the signal decreases again until
occultation near 45 km. The ozone number density profile at the
occultation tangent point is obtained from the intensity data using
the inversion scheme described by Roble and Hays (1972) and Hays and
Roble (1972a) and is shown in Fig. 3b. The dip in the normalized
intensity curve mnear 80 km,'shown in Fig. 3a, is due to a bulge in

the ozone number density distribution at that altitude. The peak
ozone number density at the bulge is 3x10°cm™ at 83 km. The

minimum occurs near 73 lm, however the magnitude of the number density
at that altitude is difficult to determine. A complete discussion of
accuracy of the inversion scheme and an analysis of errors in the

occultation measurements have been given by Roble and Hays (1972).
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3. Stellar vs. solar occultation

The o;one.number density profile has also been &etermined
from solar occultation measurements made from a satéllite
(Rawcliffe'ggijil., 1963; Miller anﬂ Stewart, 1965). lIf the intensity
from the éntire solar disk i1s used during occultation, the effect of
the finite size of the sun must be considered in analyzing the data.
In this section we examine whether the bulge in tﬁe ozone number
density neaf 80 km can be determined from éolar occultation measure-
ments ﬁheﬁ‘the.entire solar disk is used as the source. For
gimplicity a model of the ozone number demsity profile is used in
these calculations. The ozone profile is approxim#ted by a sum of
gaussian aﬁd expoﬁéntial fuﬁctions (Roble and Hé}s; 1972) and the
profile is shown in Fig. 3b. The normalized 1ﬁﬁensity calculations for
a stéllar ocqﬁltation, using 0AO-2 filter (3-2); are ghown in Fig. 3a.
The 1nteﬁsipy calculations for the broadband filter require a wave-
length iﬁtegration over the effective passband of the filter (Hays
and Roble,519f2a). Therefore, we uée the stellar épectrum, shown in
Fig. 2, the'ozoné absorption cross-section and the filter transmission
functions, shown in Fig, 1, to calculate the no:malized occultation
signal forlthé model ozome number density distribuﬁion. The calculated
normalized. intensity profile is shown in Fig. 3a and it has approximately
the same ;ﬁépe ags the OAO-2 occultation data. The dip in the intensity

curve defines the bulge in the ozone number demsity profile.
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For a solar occultation, the finite size of the sun must be
considered because the solar energy emitted from different portious
of the solar disk is transmitted through the earth's atmosphere at
different tangent ray heights. The normalized inteﬂsity for a
solar occultation is calculated using the technique of Roble and
Norton (1972) and is shown in Fig. 3a. For these calculations,
we used the solar energy spectrum, shown in Fig. 2, the ozone
cross—section and the filter (3-2) transmission function shown in
Fig. 1. The dip in the intensity curve that occurs in the stellar
occultation case does_not appear Iin the solar occultation case.
From normal satellite altitudes the tangent ray heights of the
upper and lower limb of the solar disk are separafed by approxi-
mately 25 km. Therefore, a smearing of the intensity variation
caused by the bulge in the ozone number density profile occurs
when the enfire solar disk is used during occultation and a dip
in the intensity profile is not evident. The calculated normalized
intensity variation across the solar disk at a tangent ray height
of 83 km for the center of the solar disk is shown in Fig. 4.

The tangent ray height of the upper limb is 95 km and the lower
limb is 70 km. The intensity variation caused by the bulge in
the ozone number density profile at 83 km occurs near the center

of the solar disk. The intensity structure across the solar disk
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is not evidgnt ﬁhen the overall intensity from. the entire solar
disk is measured during occultation. In theory, the structure
in the ozone number density profile can be retrieved from solar
occultatioﬁ data using the entire solar disk, wifh an iterative
technique.; However, in practice, the iterative scheme is diffi-
cuit to use. especially in the presence of gtatistical noise.
Better results would be ob;aineﬂ if a small portionrof the solar

disk 1is u@ed for the solar occultation measurements.
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4. Comparison of results

The ozone numbér density profiles from 12 stellar occultations
have begﬁ presented by Hays and Roble (l972bh). The measurements
indicate that mesospheric ozone has a variation of as much as a
factor of 4 at high altitudes, but does not show any clear seasonal
or nighttime variation. A slight increase in the altitude of the
bulge in the oéone number denSity profile appears to be associated
with increaging latitude. These measurements plus a few additional
ones afe used to define an envelope representing the ozone number
density profiles determined from the 0AO-2 stellar occultation
measurements. The envelope is shown in Fig., 5 along with nighttima
and twilight ozone profiles determined by other experimenters. At
high altitudes fhere is good agreement with the ozone number density
profiles determined by the OAQ-2 satellite and the profiles deduced
by Evans and Llwellyn (1970; 1972). Between 60 and 75 km, the data
of Evang and Llwellyn (1970; 1972), Evans et al. (1970), Weeks and
Smith (1968), Miller and Stewart (1965), Tisone (1972) and Rawcliffe
et al. (1963) are clustered along the upper limb of the 0AO-2 ozone
data envelope. Below 60 km, the OAO-2 ozone data envelope does not
agree with the results of Carver, et al. (1967; 1972), Reed (1968)
and Hilsenrath (1971}, This deﬁarture from the other observations
18 probably due to the difficulty of retrieving the ozone number

density at low signal levels in the presence of statistical noise.
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Roble and Hays (1972) show that the ozone mumber demsity is best
retrieved between normalized occultation data values of 0.1 - 0.9.
The:efore; the ozone number density profile determined from the

OAQ-2 occul;ation measurements are limited to the 60 - 95 km

altitude 1ﬁférval. In Fig. 6 the OAO-2 ozone data envelope 1is

also compared with the ozone number density profile determined from
various ;hgoretical_models. In general, there is a large variation
between the various theoretical models. However, the general features
of the 0AO-2 ozome measurements appear to be present inrthe fesults

of theoretical predictions which utilize & moist atmosphere in which

hydrogen compounds are considered in the chemistry.
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FIGURE LEGENDS

Fig. 1. Absorption cross-sections for molecular oxygen and ozone,
The dashed curves give the transmission fuﬁctions fcr the'
filﬁérs used with the 0AO-2 stellar phoﬁometers. Filter (4-1)
is used to -obtain the molecular oxygen number demsity in the
lower thermosphere and Filcers (2-5), (3-2)‘and (1-4) are used
to determine the ozone number density in the mesosphere.

Fig. 2; Solid curve is the stellar intensity as a function of wave-
length measured by the 0AQO-2 spectrometer prior to occultation
on orbit 12178, This star was used to obtain the occultation
data Ehowu in Fig. 3. The dashed curve is the solar spectrum

, obﬁaiﬁed from Ackerman (1970). |

Fig. 3. a)' The dots give the normalized intenéity as a function of
tangent ray height measured by the 0A0O-2 stellar photometers
ﬁsing the 2460 X filter, The geographic position of the
éccuifation tangent point is 35°N, 114°W and time is 22:33 LMT
on April 3, 1971. The solid and dashed curves are the calculated
normélized intensities for a stellar and solar occultation
respectively using the model ozome profile in Fig. 3b. b) The
dots give the retrieved ozone number density brofile from the
OAO-Z occultation data shown in Fig. 3a. The‘sblid curve is the
model ozone number density profile used to calculate the stellar

and solar intensity profiles in Fig. 3a.
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Fig. 4. The calculated normalized intensity distribution across
the solar disk at a tangent ray height of 83 km. The satellite
altitude at occultation is 715 km. The 0AO-2 filter transmission
function for the 2460 R filter is used in the cﬁlculations. The
ﬁangent ray heights for the upper and lower solar limbs are also
given in the figure.

Fig. 5. Comparison of the 0AO-2 ozone data envelope with the night-
time ozone number demsity profiles determined by various observers.

Fig. 6, Comparison of the OAO-2 ozone data envelope with the ozone

number density profile determined from various theoretical models.
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